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Abstract 
 
 Due to increasing greenhouse gas emissions and their link to global climate change, much 
attention has been given towards both reducing current, atmospheric greenhouse gas emissions 
and developing clean, renewable energy sources.  The first section of this thesis focuses on 
reducing greenhouse gas emissions.  Primarily focusing on CO2, routes towards reducing 
atmospheric levels include capture, sequestration, and conversion.  For CO2 conversion, Au 
electrocatalysts have demonstrated high CO2 reduction activity to CO which can then be further 
converted to various synfuels or commodity chemicals.  In the first section of this thesis, Au 
electrocatalysts are further probed by utilizing a Ag-based model using N-containing additives, 
such as pyrazole and benzotriazole, and surface-enhanced Raman spectroscopy (SERS).  SERS 
reveals that only in the presence of N-containing additives a stronger CO band is seen.  These 
additives do not affect the CO2 reduction mechanism of Au, as found by Tafel and product 
distribution analyses.  The enhancement of the CO2 reduction rate on Au is also demonstrated by 
utilizing a known CO2 scavenger, ethanolamine, adsorbed on the Au surface.  This result 
suggests that improving CO2 reduction should focus on the reactant side of the Sabatier plot. 
 The next two sections of this thesis focus on the development of electrocatalysts for the 
oxygen reduction reaction (ORR), utilized in fuel cell applications.  Due to the slow kinetics of 
the ORR, research has focused on studying how ORR catalysts reduce O2 and developing new 
cost-effective catalysts with improved activity.  The second section of this thesis focuses on 
studying pyrolyzed Fe/N/C electrocatalysts, which have been shown to have high ORR activity 
similar to that of Pt, the benchmark catalyst.  However, the active site of pyrolyzed Fe/N/C 
electrocatalysts for the ORR has been a source of debate since the initial discovery that these 
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materials demonstrated activity towards the ORR.  This has extremely limited systematic 
improvements to trial-and-error-based methods.  In this section, a carbon-supported iron(II) 
phthalocyanine (FePc) that has been pyrolyzed at 800°C is utilized as a model catalyst.  Studying 
the ORR on this material in the absence and presence of azide in acidic, neutral, and alkaline 
environments, the ORR activity and mechanism on pyrolyzed Fe/N/C materials can be further 
interrogated.  The presence of azide served to enhance the ORR activity of this material in 
neutral electrolyte while having no effect in acidic or alkaline electrolytes.  Tafel slope 
differences in addition to the azide enhancement suggest an Fe-centered active site for the ORR 
in pyrolyzed FePc and potentially other Fe/N/C electrocatalysts.  This study provides both the 
first small molecule enhancement of the ORR with Fe/N/C catalysts and an additional route to 
further interrogate other electrocatalysts. 
 The last section of this thesis centers on the adsorption of O2 on dynamic electrode 
surfaces, most specifically Pd, Pt, and Pt-alloys, during the ORR in both acidic and alkaline 
electrolytes.  Much work involving these catalysts involves relating electronic properties and 
adsorption energies to their ORR activities.  However, most research focuses on the Pt-O or Pd-
O bond, assuming a static Pt-Pt or Pd-Pd bond.  It has previously been shown, utilizing in situ 
surface stress measurements and EXAFS, that the Pt-Pt bond is not static during the ORR in an 
acidic electrolyte, with changes in length from 5 to 10 mÅ due to O2 adsorption.  By using in situ 
surface stress measurements, other electrode systems have been characterized and similar 
dynamics to what was demonstrated with Pt previously are seen and presented herein.  In an 
alkaline electrolyte, the Pt surface expands less, potentially due to its initial expanded state 
caused by OH
-
.  Pt alloy materials demonstrate an increased expansion over Pt when O2 
adsorption occurs.  Most interestingly, in an acidic electrolyte, Pd demonstrates a minimal 
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change due to O2 adsorption while in an alkaline electrolyte, behaves similar to Pt.  
Understanding the surface dynamics of these systems will help to develop more effective ORR 
electrocatalysts by adding valuable insight into how O2 adsorption alters the surface bonds. 
  
v 
 
Acknowledgments 
 
 With so many supportive people during the course of my doctoral experience, it is 
difficult to know where to start.  I extend an enormous thank you to my advisor, Professor 
Andrew Gewirth.  Without your guidance and the group you established, I would not have 
become the logical scientist I am today.  Professor Gewirth has not only guided me through the 
past five years of graduate school but has given me the opportunity to grow and explore new 
opportunities and frontiers.  He has continuously inspired me, even when hope seemed lost.  For 
everything, I am extremely grateful.  I also thank other members of my doctoral committee, 
Professors Kenis, Murphy, and Yang for their insights, feedback, and support. 
 Before coming to the University of Illinois at Urbana-Champaign (UIUC), I had the 
opportunity to be introduced to laboratory research at the University of Florida.  I thank my 
undergraduate advisor Professor John Reynolds for giving me this remarkable opportunity.  A 
special thanks to Aubrey Dyer, who guided my research and has been an inspiration for my 
continued success.   You have shaped the scientist I am today as a role model and mentor.  I 
thank the remaining Reynolds Group for their support and advice through the years as well.  
 I would also like to thank every Gewirth Group member, both past and present.  I count 
you all amongst my closest friends and I look forward to growing our friendships and 
professional relationships.  Thank you to Matthew Thorum for introducing me to the Gewirth 
Group and for helping me to become an established group member.  Thank you to Claire Tornow 
for too many things.  For inspiring creativity, letting me vent, and helping me to remember 
which potentiostat leads go to what electrode, I owe you the thanks of a million Pinterest-found 
desserts.  A major thanks to Laura Huff and Jennifer Esbenshade for always giving insightful 
vi 
 
suggestions and for our many wonderful walk-chats.  Thao Hoang and Yeyoung Ha, you both 
have been amazing labmates and friends.  Thank you both for all of the stressful discussions. 
 During my time at UIUC, I have also had the opportunity to collaborate with both the 
Kenis Group and Nuzzo Group.  Thank you Molly Jhong for being a wonderful collaborator.  I 
have enjoyed both working with you and getting to know you.  Your enthusiasm and positive 
attitude towards everything you approach is incredibly inspiring and I look forward to having the 
opportunity to work with you again in the future.  To both Michael Cason and David Wetzel, you 
have been awesome.   I thank you both for pushing me and making me stressed.  Through the 
ups and downs, you both have helped to keep this experience highly enjoyable.   
 For all the friendships I have made during my time at UIUC, I am so incredibly grateful 
and wish everyone amazing successes in all future endeavors.  Thank you Maria Catarello, 
Jonathon Eller, Windy Santa Cruz, Brittany Spuck, Krystal Grace, Devin Grace, Kaci Biddle, 
Kelsey Dubree, and Billy Bell.  To the many old friendships that have encouraged me to 
continue on my path: I thank you all as well. 
 The Inorganic, Materials, and Physical Chemistry Office has made my graduate 
experience incredibly smooth and fun.  A special thanks to Beth Myler, Theresa Struss, Karen 
Neumann, Connie Knight, and Stacy Dudzinski.  I will miss getting to chat and hear stories from 
you all.  Karen, there will be many herpetological updates to come! 
 I must also thank those nearest and dearest to me.  There are not enough words to express 
how extremely grateful I am for everything you have done for me and the support you have 
given me.  You have always listened to the good outcomes and scientific babble that I have to 
share.  It has not always been the easiest of roads, but you all have encouraged me and inspired 
me to keep at it.  To my parents, Jeff and Paula Oberst, my brother and sister-in-law, Cory and 
vii 
 
Bridget Oberst, and my partner, Mike Reusz: I thank and love you all more than I can possibly 
express on this page. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
viii 
 
Table of Contents 
 
Chapter 1:  Introduction to the Electrochemical Reduction of O2 and CO2……………...……….1 
 
Chapter 2:  Insight into the Electrochemical Reduction of CO2 on Gold via 
 Surface-Enhanced Raman Spectroscopy and N-Containing Additives...……..…...19 
 
Chapter 3:  Effect of pH and Azide on the Oxygen Reduction Reaction 
 with a Pyrolyzed Fe Phthalocyanine Electrocatalyst….……………...…………....39 
 
Chapter 4:  Dynamic Adsorption of Oxygen on Platinum, Palladium, and Platinum Alloy 
 Surfaces during the Oxygen Reduction Reaction……..…………………...……....56 
 
Appendix:  Interrogation of the Oxygen Reduction Reaction on Fe Macrocycles 
 Supported on Graphene via Raman Spectroscopy………………………………....77 
 
1 
 
Chapter 1 
 
Introduction to the Electrochemical Reduction of O2 and CO2 
 
1.1 The Drive towards a Clean and Renewable Energy Future 
 Over the past several decades, greenhouse gas (GHG) emissions, especially CO2, have 
been on the rise exponentially.  This drastic increase has been linked to global climate change 
which has resulted in heightened attention being given to minimizing GHG emissions by 
utilizing clean energy sources and reducing current GHG levels.  One route towards minimizing 
GHG emissions is to develop renewable energy technologies and integrate them in to the 
economic sectors most responsible for GHG emissions: transportation and electricity.  The 
alternative method to minimize GHG levels is to capture various GHG emissions, most 
specifically CO2, and convert them to commodity chemicals or synthetic fuels.  There are many 
routes towards mitigating the detrimental effects of GHG emissions.  The following will focus 
on studying various electrocatalytic systems for both fuel cell and CO2 electrolyzer technologies.  
 
1.2 The Electrochemical Reduction of CO2 to CO 
 As previously mentioned GHG levels have been continuously increasing due to rapid 
population growth and heightened energy consumption.  Due to the negative environmental 
impact of these gases, most specifically CO2, there has been an intense effort to minimize GHG 
emissions and decrease current GHG levels.  Once CO2 has been captured, either from industrial 
sources or from the atmosphere, it can be sequestered or converted.
1
  CO2 sequestration 
processes include mineralization and geological or deep sea storage, where captured CO2 is 
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stored underground or under sea.
2,3
  However, this process provides a temporary and potentially 
dangerous solution to growing levels of atmospheric CO2, allowing fossil fuel-based energies to 
be used until renewable energy systems mature.
4
  Opposed to sequestration, captured CO2 can 
also be converted to various products of economic value, such as fuels, utilizing energy from 
intermittent energy sources, such as wind or solar. 
 Focusing on the later route, there are several methods that can be used to convert CO2 to 
various commodity chemicals and fuels including photochemical, biochemical, and 
electrochemical.
2,4,5
  With respect to electrochemical conversion, CO2 electrolyzers have been 
introduced where CO2 is reduced at the cathode while the Oxygen Evolution Reaction (OER) 
takes place at the anode, potentially utilizing excess energy from intermittent electricity sources.
6
  
Possible products from CO2 reduction in an electrolyzer include CO, CH4, HCO2H, and CH3OH 
and since multi-electron reductions of CO2 are generally more thermodynamically favorable, it is 
important to consider all potential products.  The thermodynamic, standard reduction potentials 
in a pH 7 aqueous solution versus the Normal Hydrogen Electrode (NHE) of CO2 to these 
various precursors are as follows:
7
 
V 0.24 - =E    O2H+CH8e +8H +CO
V 0.38 - =E    OH + OHCH6e +6H +CO
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Despite the variety of potential products from the electrochemical conversion of CO2, the multi-
electron processes could have limited applicability due to multi-electron transfer limitations.  In 
order for the conversion of CO2 to be practical, high energy efficiencies and high reaction rates 
must be achieved.  High energy efficiencies are often interpreted as a combination of high 
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selectivity (Faradaic or current efficiencies) and low overpotential (the driving force behind the 
process).  Currently, CO2 reduction is still limited by low energy efficiencies.
2
  This issue has 
driven research efforts in the study and development of various electrocatalyst/electrolyte 
systems and the interrogation of their reaction intermediates. 
 Electrocatalysts for the electroreduction of CO2 are typically transition metal-based.  
Depending on the transition metal utilized, different product distributions can be achieved which 
helps to classify electrocatalysts in to one of four main groups.
8,9
  Metals such as Pt, Ni, and Pd, 
which are noted as state-of-the-art electrocatalysts for other reactions such as the Oxygen 
Reduction Reaction (ORR) and OER, are poor CO2 reducers due to strong binding and poisoning 
of the CO intermediate.
8,10
  Thus, these catalysts primarily evolve H2 within the CO2 reduction 
potential window.  Metals such as Pb, Hg, Tl, In, Sn, Cd, and Bi produce primarily formic acid 
or formate.  Ag, Au, Pd, and Ga primarily produce CO.
8,11
  Lastly, in its own group, Cu 
electrodes can produce a variety of hydrocarbons, typically consisting of short C chains such as 
ethylene and methane.
8,9,12,13
   
Each class of metal electrode identified above has its unique and intriguing properties and 
challenges.  However, the conversion of CO2 to CO demonstrates the most promise for wide-
spread applicability, generating heightened interest in the development of CO producing 
catalysts, such as Au and Ag.  Utilizing these electrocatalysts to reduce CO2, CO and H2 
products, together known as a “syngas” or a synthesis gas, can then be collected.  This syngas 
can then be used as the starting material for the production of synthetic fuels, also known as a 
“synfuel,”in a well-established Fischer-Tropsch process.2,6,7  However, to achieve 
commercialization of this technology, lower costs of the electrocatalysts must be reached, 
leading to catalyst modifications.  In order to successfully and efficiently modify these systems, 
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it is necessary to better understand how these systems efficiently convert CO2 to CO and how 
these systems can be systematically improved to maintain both high faradaic efficiency and high 
selectivity. 
 
1.3 The Electrochemical Reduction of Dioxygen for Fuel Cell Applications 
The need for clean, renewable energy sources has become increasingly evident due to the 
detrimental environmental impact of using fossil fuels.  Utilizing alternative energy sources, such 
a fuel cell, could lead towards not only to a cleaner energy future but to a decreased dependence 
on foreign oil supplies.  Fuel cells provide an alternative approach to energy production through 
use of renewable fuels and formation of minimal byproducts. 
In general, a fuel cell is an electrochemical device in which electrical current, along with 
water and heat as byproducts, is generated by using the chemical energy of a fuel.  The most 
common fuel cell is the polymer electrolyte membrane (PEM) fuel cell.  Current PEM fuel cells 
utilize a carbon-supported Pt electrocatalyst at both the anode and cathode, separated by a 
proton-conducting PEM, most typically the fluoropolymer Nafion.
14,15
  In this cell, a fuel is 
oxidized at the anode to release protons and electrons.  The most common and cleanest fuel used 
is hydrogen and the oxidation half-reaction, known as the Hydrogen Evolution Reaction (HER), 
is as follows: 
 
After oxidation occurs, the protons transverse the PEM while the electrons flow in an external 
circuit and produce a usable current.  To both drive the cell and maintain cell neutrality, the 
electrons must be removed at the cathode via a reduction reaction.  The most readily available 
species for this reduction is dioxygen from air and the reduction half-reaction, known as the 
V 0.0 , 2e  M) 1 aq,(2H    atm) 1 (g,H 0-2 
 E
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Oxygen Reduction Reaction (ORR), is as follows: 
 
However, despite its utility, the ORR is kinetically slow due to the large driving force required to 
break the O=O bond (498 kJ/mol), even with the commercially used Pt electrocatalysts.
16
  The 
strength of the double bond results in many catalysts reducing dioxygen via a two electron 
pathway, forming hydrogen peroxide instead of water.  Peroxide formation has various 
consequences on fuel cell performance including catalyst destabilization and membrane 
decomposition.
16
  The strength of dioxygen’s double bond and the potential formation of 
peroxide have led to many attempts to develop new electrocatalysts and improve upon those 
already in use.   
 Research towards improving and integrating ORR electrocatalysts has primarily focused 
on two different methods that have been highly driven by the need to develop cost-effective 
catalysts: reducing precious metal loadings or improving and developing non-precious metal 
electrocatalysts.  To date, the best fuel cell catalysts and ORR benchmarks are Pt-based.
15-17
  In 
general, it is important to note that there is a variety of methods towards improving both precious 
and non-precious metal-based catalysts including improving catalyst activity, utilization, 
durability, and stability.
14
 
In most commercial PEM fuel cells, the electrocatalyst of choice is Pt, having high ORR 
activity.  However, due to the cost and availability of Pt, there has been a large push towards 
reducing precious metal loadings.
17
  As of 2011, Pt loadings have been decreased from 0.4 
mg
Pt
/cm
2
 in 2005 to 0.15 mg
Pt
/cm
2
 with hopes of reaching a loading of 0.125 mg
Pt
/cm
2
 by 
2017.
15,16
  Current routes towards decreasing Pt content include: development of Pt alloys, 
fabricating Pt skin structures, and optimizing less precious metals.   
V 23.1 , O2H  M) 1 aq,(H44e  atm) 1 g,(O 02
-
2 
 E
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Pt alloys, such as Pt3Ni, have proven extremely active for the ORR, with onsets 20-100 
mV better than pure Pt depending on the structure and composition.
18-20
  Addition of another 
metal, such as Co or Ni, can change the active site availability and the bonding strength of the 
catalyst surface.  To interrogate and ultimately create the best ORR electrocataylst, many studies 
have been carried out to elicit the source of enhanced activity of Pt alloy materials along with 
fine-tuning their activities, selectivities, and durabilities.  The enhancement in ORR activity from 
these materials is thus thought to be due to induced chemical shifts in bonding structure, 
modified geometric structures, changed particle sizes and particle wettability, or increased 
number of active site due to secondary metal dissolution.
18,20-35
  Various calculations have been 
completed to determine and relate the ORR activity of Pt alloys to the aforementioned 
properties.
28,36-39
  Many correlations have been made between the ORR activity and the d-band 
center of Pt alloys.  Utilizing different secondary metals, such as Ni, Fe, and Co, is thought to 
lower the position of the Pt d-band center.  The lower d-band center then yields a weakened 
binding energy of O2 and ORR intermediates on the Pt alloy surface.  Calculated d-band centers 
have been correlated to ORR activity of Pt alloys and various volcano plots have been proposed 
to elucidate the best Pt alloy for ORR electrocatalysis.
18,21
  Similar to a d-band center argument, 
the direct, calculated adsorption energy of O2 on Pt alloy surfaces has also been utilized.
38
 
Utilizing a secondary metal in Pt alloy systems has also allowed for the fabrication of two 
different surface structures, known as Pt skeleton and Pt skin structures.  The secondary metal in 
these alloys is known to leach out from the surface under standard ORR conditions, especially in 
the typical acidic electrolytes utilized.
18,23,30,35
  The leaching phenomenon creates a roughened 
surface consisting of Pt with the as-deposited Pt alloy beneath and is referred to as a Pt skeleton.  
This Pt skeleton structure demonstrates increased ORR activity over pure Pt, showing roughly a 
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30 mV enhancement utilizing a Pt3Fe alloy.  However, this enhancement could be due to an 
increased number of ORR active sites, a shift in chemical bonding nature, or some combination 
of the effects listed previously.  By annealing the Pt skeleton structure at 1000 K, a smooth Pt 
monolayer is formed on top of the Pt alloy and this resulting structure is referred to as a Pt 
skin.
18,20,23
  Since this structure is considered “stable,” and minimizes geometric effects when 
comparing to pure Pt, the ORR activity of Pt skin structures can be better correlated to the 
measured and calculated electronic properties.  Pt skin catalysts demonstrate the highest ORR 
activity over Pt skeleton and bulk Pt catalysts.
18,20,22,23
 
Along with Pt alloys, Pt shell structures have been of high interest for ORR applications.  
Not to be confused with the aforementioned Pt “skin”, fabrication of a Pt shell structure involves 
the electrodeposition of a monolayer of Pt on a bulk, secondary metal, such as Pd or Au.  The 
monolayer is formed by electrodepositing a monolayer of copper, via underpotential deposition 
(UPD), onto the secondary metal followed by galvanic displacement of the Cu with Pt.
40
  
Although intriguing, only a select few secondary metals can be used to form a monolayer on, 
including Pd, Au, Rh, Ru, and Pt.
41
  Utilizing this technique allows for less Pt to be used, 
however, improvement in ORR activity is dependent on the substrate and monolayer metal 
utilized.
41-44
  For example, a monolayer of Pt on Pd(111) was demonstrated to have enhanced 
ORR kinetics over pure Pt(111), with current densities of approximately 16 mA/cm
2
 and 12 
mA/cm
2
, respectively, at 0.8 V vs. RHE.
41,43
  However, monolayer Pt on other metal substrates 
showed decreased ORR activity compared to pure Pt(111).  There have been many proposals 
using the monolayer system including multi-component shells, multi-monolayer stacks, and sub-
monolayer coatings.
44-48
 
Even with a large push to minimize Pt loadings by using Pt alloys or Pt shell structures, 
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the elevated price of Pt and limited Pt resources has driven the push towards studying other less-
noble metals for the ORR.  Also, Pt is readily poisoned by fuel oxidation and membrane 
degradation products, such as CO, to which Pd is less susceptible.
17,49,50
  Since Pt and Pd are 
from the same periodic group, have similar atomic sizes, and have similar crystal structures, 
attention has been given to studying Pd as an ORR electrocatalyst.
49
  With these similarities, it 
has also been proposed that the ORR mechanism on Pd is the same for that on Pt, although not 
well understood.
51,52
  As Pd is less expensive than Pt, Pd could be a good substitute for Pt in fuel 
cell applications, especially since calculations involving binding energies of O2 and its reduction 
intermediates indicate that Pd and Pt are the metals with the smallest overpotentials for the 
ORR.
53,54
   
In acidic electrolytes, Pd metal is highly active for the ORR, second only to Pt.  This is 
due in part to the more susceptible nature of Pd to anion adsorption and intermediate binding 
which result in a slower ORR reaction rate.
52
  However, by utilizing different morphologies, the 
ORR activity of Pd can be modified.  Utilizing Pd nanorods in acidic electrolytes, ORR activities 
similar to bulk Pt were achieved.
55
  This is in contrast to using Pd nanoparticles or bulk Pd, 
where the ORR activity is decreased by 100 to 200 mV.  In acidic electrolytes, much more work 
with Pd involves coupling with other metals, such as Pt or Co, in either an alloy or monolayer 
core-shell scheme, as discussed previously with Pt.
42,49,52,56-59
   
Interestingly, in an alkaline electrolyte, Pd is just as active for the ORR as Pt.
52,55,60
  
Using a graphene support, it has been shown that Pd can be made more ORR active in alkaline 
electrolytes.
61
  By tailoring the morphology of Pd, its ORR activity can be further tuned in 
alkaline electrolytes, although no significant improvement on ORR activity was seen.
62
  Similar 
to work with acidic electrolytes, Pd alloy systems, utilizing one or two other metals such as Fe, 
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Sn, and Ni, have been demonstrated to be ORR active in alkaline electrolytes.
52,63-65
  Overall, 
work with Pd in both alkaline and acidic electrolytes has been driven towards improving the 
ORR activity of Pt to be either similar or enhanced to that of Pt. 
The other route to developing a more cost-effective catalyst involves the development 
and optimization of non-precious metal catalysts, such as carbon-supported iron and nitrogen-
based (Fe/N/C) electrocatalysts.  Since the discovery by Jasinski, in 1964, that cobalt 
phthalocyanine catalyzed the ORR, much attention has been given to the study and development 
of other non-precious metal catalysts.
66,67
  To form these catalysts, typically a metal and 
nitrogen-based precursor, such as the aforementioned cobalt phthalocyanine, is supported on to a 
high surface area carbon, such as Vulcan XC-72.  Various macrocycles, metal centers, and 
carbon supports have been utilized in an attempt to elucidate a catalyst with high ORR activity 
and stability.  Utilizing Co-based structures, the two electron reduction process is often observed, 
resulting in peroxide formation.  However, by switching from a Co center to an Fe center, the 
direct four electron process can be achieved.  Studying the effect of the metal center has been of 
high interest ever since the initial discovery of non-precious metal electrocatalysis of the ORR.
68-
73
  By altering the macrocycle ring, i.e. by adding various functional groups, the redox behavior, 
ORR activity, and the stability of the catalysts can be altered.
73-82
  
In an effort to improve the catalytic activity and stability of these materials, pyrolysis of 
these catalysts has been explored.  It was first suggested in 1983 by Yeager in that pyrolyzed 
cobalt porphyrins acted as ORR catalyst.
83
  Since then, numerous studies have attempted to 
produce the most catalytically active material.  Several key factors that researchers have focused 
on are the metal type and loading, the nitrogen content, the carbon support’s surface properties, 
and the heat treatment conditions.
16,69,84-88
  However, with the lack of a fundamental insight in to 
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the site responsible for ORR activity, routes towards improving these catalysts’ ORR activity are 
trial-and-error based.   
Initially, Yeager proposed that pyrolyzing these macrocycles caused macrocycle 
decomposition into surface N with adsorbed or coordinated transition metal ions.
73
  It has also 
been proposed that pyrolysis helps bind the macrocycle to the carbon support while maintaining 
the metal as the macrocycle center.
71
  Even more recently, some researchers have proposed that 
the macrocycle is completely stable up to temperatures of 700 °C and that at 800 °C there is only 
initial evidence for destruction.
89
  On the contrary to a pyrolysis-stable macrocycle, it has also 
been proposed that pyrolysis causes complete destruction of the macrocycle with the metal 
potentially helping to form the new active site.
90-95
  There have also been attempts to elucidate 
the site responsible for ORR activity in these pyrolyzed materials.  The most common technique 
is utilizing small molecule probes, such as CN
-
, CO, and N3
-
.
96-98
  When these molecules are 
present, there are significant changes in ORR activity suggesting a metal-centered active site.  
Despite the many years of intense study, the controversy behind the ORR active site in 
these electrocatalysts still severely limits progress in furthering their optimization and 
implementation.  However, by trial-and-error several major improvements to the activity, 
selectivity, and durability of pyrolyzed, non-precious metal, ORR electrocatalysts have been 
achieved.  Most interestingly, by using both a separate Fe and N-precursor with a highly 
optimized pyrolysis procedure, highly active ORR electrocatalysts can be created.
99,100
  These 
catalysts rival the activity of the previously mentioned ORR reduction benchmark, Pt.  The 
promising ORR activity and synthetic cost drives increasing attention for the further 
development of these catalysts. 
 
11 
 
1.4 References 
(1) Appel, A. M.; Bercaw, J. E.; Bocarsly, A. B.; Dobbek, H.; DuBois, D. L.; Dupuis, 
M.; Ferry, J. G.; Fujita, E.; Hille, R.; Kenis, P. J. A.; Kerfeld, C. A.; Morris, R. 
H.; Peden, C. H. F.; Portis, A. R.; Ragsdale, S. W.; Rauchfuss, T. B.; Reek, J. N. 
H.; Seefeldt, L. C.; Thauer, R. K.; Waldrop, G. L. Chemical Reviews 2013, 113, 
6621. 
(2) Whipple, D. T.; Kenis, P. J. A. Journal of Physical Chemistry Letters 2010, 1, 
3451. 
(3) Yang, H.; Xu, Z.; Fan, M.; Gupta, R.; Slimane, R. B.; Bland, A. E.; Wright, I. 
Journal of Environmental Sciences-China 2008, 20, 14. 
(4) Olah, G. A.; Prakash, G. K. S.; Goeppert, A. Journal of the American Chemical 
Society 2011, 133, 12881. 
(5) Costentin, C.; Robert, M.; Saveant, J.-M. Chemical Society Reviews 2013, 42, 
2423. 
(6) Fu, Q.; Mabilat, C.; Zahid, M.; Brisse, A.; Gautier, L. Energy & Environmental 
Science 2010, 3, 1382. 
(7) Benson, E. E.; Kubiak, C. P.; Sathrum, A. J.; Smieja, J. M. Chemical Society 
Reviews 2009, 38, 89. 
(8) Hori, Y. In Modern Aspects of Electrochemistry, No 42; Vayenas, C. G., White, 
R. E., GamboaAldeco, M. E., Eds. 2008, p 89. 
(9) Noda, H.; Ikeda, S.; Oda, Y.; Imai, K.; Maeda, M.; Ito, K. Bulletin of the 
Chemical Society of Japan 1990, 63, 2459. 
(10) Hansen, H. A.; Varley, J. B.; Peterson, A. A.; Norskov, J. K. Journal of Physical 
12 
 
Chemistry Letters 2013, 4, 388. 
(11) Noda, H.; Ikeda, S.; Yamamoto, A.; Einaga, H.; Ito, K. Bulletin of the Chemical 
Society of Japan 1995, 68, 1889. 
(12) Christophe, J.; Doneux, T.; Buess-Herman, C. Electrocatalysis 2012, 3, 139. 
(13) Ishimaru, S.; Shiratsuchi, R.; Nogami, G. Journal of the Electrochemical Society 
2000, 147, 1864. 
(14) Wang, Y.; Chen, K. S.; Mishler, J.; Cho, S. C.; Adroher, X. C. Applied Energy 
2011, 88, 981. 
(15) Debe, M. K. Nature 2012, 486, 43. 
(16) Gewirth, A. A.; Thorum, M. S. Inorganic Chemistry 2010, 49, 3557. 
(17) Gasteiger, H. A.; Kocha, S. S.; Sompalli, B.; Wagner, F. T. Applied Catalysis B-
Environmental 2005, 56, 9. 
(18) Stamenkovic, V. R.; Mun, B. S.; Arenz, M.; Mayrhofer, K. J. J.; Lucas, C. A.; 
Wang, G.; Ross, P. N.; Markovic, N. M. Nature Materials 2007, 6, 241. 
(19) Wang, C.; Markovic, N. M.; Stamenkovic, V. R. ACS Catalysis 2012, 2, 891. 
(20) Stamenkovic, V. R.; Fowler, B.; Mun, B. S.; Wang, G.; Ross, P. N.; Lucas, C. A.; 
Markovic, N. M. Science 2007, 315, 493. 
(21) Stamenkovic, V.; Mun, B. S.; Mayrhofer, K. J. J.; Ross, P. N.; Markovic, N. M.; 
Rossmeisl, J.; Greeley, J.; Norskov, J. K. Angewandte Chemie-International 
Edition 2006, 45, 2897. 
(22) Stamenkovic, V.; Schmidt, T. J.; Ross, P. N.; Markovic, N. M. Journal of 
Electroanalytical Chemistry 2003, 554, 191. 
(23) Stamenkovic, V. R.; Mun, B. S.; Mayrhofer, K. J. J.; Ross, P. N.; Markovic, N. 
13 
 
M. Journal of the American Chemical Society 2006, 128, 8813. 
(24) Anderson, A. B.; Roques, J.; Mukerjee, S.; Murthi, V. S.; Markovic, N. M.; 
Stamenkovic, V. Journal of Physical Chemistry B 2005, 109, 1198. 
(25) Kattel, S.; Wang, G. Journal of Chemical Physics 2014, 141. 
(26) Strasser, P.; Koh, S.; Anniyev, T.; Greeley, J.; More, K.; Yu, C.; Liu, Z.; Kaya, 
S.; Nordlund, D.; Ogasawara, H.; Toney, M. F.; Nilsson, A. Nature Chemistry 
2010, 2, 454. 
(27) Beard, B. C.; Ross, P. N. Journal of the Electrochemical Society 1990, 137, 3368. 
(28) Greeley, J.; Norskov, J. K.; Mavrikakis, M. Annual Review of Physical Chemistry 
2002, 53, 319. 
(29) Paulus, U. A.; Wokaun, A.; Scherer, G. G.; Schmidt, T. J.; Stamenkovic, V.; 
Markovic, N. M.; Ross, P. N. Electrochimica Acta 2002, 47, 3787. 
(30) Paffett, M. T.; Beery, J. G.; Gottesfeld, S. Journal of the Electrochemical Society 
1988, 135, 1431. 
(31) Teliska, M.; Murthi, V. S.; Mukerjee, S.; Ramaker, D. E. Journal of the 
Electrochemical Society 2005, 152, A2159. 
(32) Mun, B. S.; Watanabe, M.; Rossi, M.; Stamenkovic, V.; Markovic, N. M.; Ross, 
P. N., Jr. Surface Review and Letters 2006, 13, 697. 
(33) Mun, B. S.; Watanabe, M.; Rossi, M.; Stamenkovic, V.; Markovic, N. M.; Ross, 
P. N. Journal of Chemical Physics 2005, 123. 
(34) Toda, T.; Igarashi, H.; Watanabe, M. Journal of the Electrochemical Society 
1998, 145, 4185. 
(35) Watanabe, M.; Tsurumi, K.; Mizukami, T.; Nakamura, T.; Stonehart, P. Journal 
14 
 
of the Electrochemical Society 1994, 141, 2659. 
(36) Kitchin, J. R.; Norskov, J. K.; Barteau, M. A.; Chen, J. G. Journal of Chemical 
Physics 2004, 120, 10240. 
(37) Kitchin, J. R.; Norskov, J. K.; Barteau, M. A.; Chen, J. G. Physical Review Letters 
2004, 93. 
(38) Greeley, J.; Stephens, I. E. L.; Bondarenko, A. S.; Johansson, T. P.; Hansen, H. 
A.; Jaramillo, T. F.; Rossmeisl, J.; Chorkendorff, I.; Norskov, J. K. Nature 
Chemistry 2009, 1, 552. 
(39) Roques, J.; Anderson, A. B. Surface Science 2005, 581, 105. 
(40) Brankovic, S. R.; Wang, J. X.; Adzic, R. R. Surface Science 2001, 474, L173. 
(41) Zhang, J. L.; Vukmirovic, M. B.; Xu, Y.; Mavrikakis, M.; Adzic, R. R. 
Angewandte Chemie-International Edition 2005, 44, 2132. 
(42) Shao, M. H.; Huang, T.; Liu, P.; Zhang, J.; Sasaki, K.; Vukmirovic, M. B.; Adzic, 
R. R. Langmuir 2006, 22, 10409. 
(43) Zhang, J.; Mo, Y.; Vukmirovic, M. B.; Klie, R.; Sasaki, K.; Adzic, R. R. Journal 
of Physical Chemistry B 2004, 108, 10955. 
(44) Adzic, R. R.; Zhang, J.; Sasaki, K.; Vukmirovic, M. B.; Shao, M.; Wang, J. X.; 
Nilekar, A. U.; Mavrikakis, M.; Valerio, J. A.; Uribe, F. Topics in Catalysis 2007, 
46, 249. 
(45) Zhang, J.; Lima, F. H. B.; Shao, M. H.; Sasaki, K.; Wang, J. X.; Hanson, J.; 
Adzic, R. R. Journal of Physical Chemistry B 2005, 109, 22701. 
(46) Brankovic, S. R.; Wang, J. X.; Adzic, R. R. Electrochemical and Solid State 
Letters 2001, 4, A217. 
15 
 
(47) Srejic, I.; Smiljanic, M.; Grgur, B.; Rakocevic, Z.; Strbac, S. Electrochimica Acta 
2012, 64, 140. 
(48) Strbac, S.; Srejic, I.; Smiljanic, M.; Rakocevic, Z. Journal of Electroanalytical 
Chemistry 2013, 704, 24. 
(49) Antolini, E. Energy & Environmental Science 2009, 2, 915. 
(50) Zamel, N.; Li, X. Progress in Energy and Combustion Science 2011, 37, 292. 
(51) Spendelow, J. S.; Wieckowski, A. Physical Chemistry Chemical Physics 2007, 9, 
2654. 
(52) Shao, M. Journal of Power Sources 2011, 196, 2433. 
(53) Norskov, J. K.; Abild-Pedersen, F.; Studt, F.; Bligaard, T. Proceedings of the 
National Academy of Sciences of the United States of America 2011, 108, 937. 
(54) Grigoriev, S. A.; Lyutikova, E. K.; Martemianov, S.; Fateev, V. N. International 
Journal of Hydrogen Energy 2007, 32, 4438. 
(55) Xiao, L.; Zhuang, L.; Liu, Y.; Lu, J.; Abruna, H. D. Journal of the American 
Chemical Society 2009, 131, 602. 
(56) Shao, M.; Liu, P.; Zhang, J.; Adzic, R. Journal of Physical Chemistry B 2007, 
111, 6772. 
(57) Fernandez, J. L.; Raghuveer, V.; Manthiram, A.; Bard, A. J. Journal of the 
American Chemical Society 2005, 127, 13100. 
(58) Fernandez, J. L.; Walsh, D. A.; Bard, A. J. Journal of the American Chemical 
Society 2005, 127, 357. 
(59) Shao, M. H.; Sasaki, K.; Adzic, R. R. Journal of the American Chemical Society 
2006, 128, 3526. 
16 
 
(60) Lima, F. H. B.; Zhang, J.; Shao, M. H.; Sasaki, K.; Vukmirovic, M. B.; Ticianelli, 
E. A.; Adzic, R. R. Journal of Physical Chemistry C 2007, 111, 404. 
(61) Seo, M. H.; Choi, S. M.; Kim, H. J.; Kim, W. B. Electrochemistry 
Communications 2011, 13, 182. 
(62) Erikson, H.; Sarapuu, A.; Alexeyeva, N.; Tammeveski, K.; Solla-Gullon, J.; Feliu, 
J. M. Electrochimica Acta 2012, 59, 329. 
(63) Kim, J.; Park, J.-E.; Momma, T.; Osaka, T. Electrochimica Acta 2009, 54, 3412. 
(64) Li, B.; Prakash, J. Electrochemistry Communications 2009, 11, 1162. 
(65) Shao, M. H.; Sasaki, K.; Liu, P.; Adzic, R. R. Zeitschrift Fur Physikalische 
Chemie-International Journal of Research in Physical Chemistry & Chemical 
Physics 2007, 221, 1175. 
(66) Jasinski, R. J. Nature 1964, 201, 1212. 
(67) Jasinski, R. J. Journal of the Electrochemical Society 1965, 112, 526  
(68) Baranton, S.; Coutanceau, C.; Roux, C.; Hahn, F.; Leger, J. M. Journal of 
Electroanalytical Chemistry 2005, 577, 223. 
(69) Chen, Z.; Higgins, D.; Yu, A.; Zhang, L.; Zhang, J. Energy & Environmental 
Science 2011, 4, 3167. 
(70) Zagal, J. H. Coordination Chemistry Reviews 1992, 119, 89. 
(71) Van, V. J. A. R.; Visser, C. Electrochimica Acta 1979, 24, 921. 
(72) Zagal, J.; Bindra, P.; Yeager, E. Journal of the Electrochemical Society 1980, 
127, 1506. 
(73) Yeager, E. Electrochimica Acta 1984, 29, 1527. 
(74) Wiesener, K. Electrochimica Acta 1986, 31, 1073. 
17 
 
(75) Wiesener, K.; Ohms, D.; Neumann, V.; Franke, R. Materials Chemistry and 
Physics 1989, 22, 457. 
(76) Shi, Z.; Zhang, J. Journal of Physical Chemistry C 2007, 111, 7084. 
(77) Baker, R.; Wilkinson, D. P.; Zhang, J. Electrochimica Acta 2008, 53, 6906. 
(78) Steiger, B.; Anson, F. C. Inorganic Chemistry 1997, 36, 4138. 
(79) Ouyang, J. B.; Shigehara, K.; Yamada, A.; Anson, F. C. Journal of 
Electroanalytical Chemistry 1991, 297, 489. 
(80) Song, E. H.; Shi, C. N.; Anson, F. C. Langmuir 1998, 14, 4315. 
(81) Cardenas-Jiron, G. I. Journal of Physical Chemistry A 2002, 106, 3202. 
(82) Li, W.; Yu, A.; Higgins, D. C.; Llanos, B. G.; Chen, Z. Journal of the American 
Chemical Society 2010, 132, 17056. 
(83) Scherson, D. A.; Gupta, S. L.; Fierro, C.; Yeager, E. B.; Kordesch, M. E.; 
Eldridge, J.; Hoffman, R. W.; Blue, J. Electrochimica Acta 1983, 28, 1205. 
(84) Bezerra, C. W. B.; Zhang, L.; Lee, K.; Liu, H.; Marques, A. L. B.; Marques, E. P.; 
Wang, H.; Zhang, J. Electrochimica Acta 2008, 53, 4937. 
(85) Bezerra, C. W. B.; Zhang, L.; Liu, H.; Lee, K.; Marques, A. L. B.; Marques, E. P.; 
Wang, H.; Zhang, J. Journal of Power Sources 2007, 173, 891. 
(86) Ladouceur, M.; Lalande, G.; Guay, D.; Dodelet, J. P.; Dignard-Bailey, L.; 
Trudeau, M. L.; Schulz, R. Journal of the Electrochemical Society 1993, 140, 
1974. 
(87) Medard, C.; Lefevre, M.; Dodelet, J. P.; Jaouen, F.; Lindbergh, G. Electrochimica 
Acta 2006, 51, 3202. 
(88) Jaouen, F.; Dodelet, J.-P. Journal of Physical Chemistry C 2009, 113, 15422. 
18 
 
(89) Bouwkamp-Wijnoltz, A. L.; Visscher, W.; van Veen, J. A. R.; Boellaard, E.; van 
der Kraan, A. M.; Tang, S. C. Journal of Physical Chemistry B 2002, 106, 12993. 
(90) Maldonado, S.; Stevenson, K. J. Journal of Physical Chemistry B 2004, 108, 
11375. 
(91) Gojkovic, S. L.; Gupta, S.; Savinell, R. F. Journal of Electroanalytical Chemistry 
1999, 462, 63. 
(92) Maldonado, S.; Stevenson, K. J. Journal of Physical Chemistry B 2005, 109, 
4707. 
(93) Matter, P. H.; Zhang, L.; Ozkan, U. S. Journal of Catalysis 2006, 239, 83. 
(94) Wiesener, K. Electrochimica Acta 1986, 31, 1073. 
(95) Bagotzky, V. S.; Tarasevich, M. R.; Radyushkina, K. A.; Levina, O. A.; 
Andrusyova, S. I. Journal of Power Sources 1978, 2, 233. 
(96) Oberst, J. L.; Thorum, M. S.; Gewirth, A. A. Journal of Physical Chemistry C 
2012, 116, 25257. 
(97) Thorum, M. S.; Hankett, J. M.; Gewirth, A. A. Journal of Physical Chemistry 
Letters 2011, 2, 295. 
(98) Birry, L.; Zagal, J. H.; Dodelet, J.-P. Electrochemistry Communications 2010, 12, 
628. 
(99) Lefevre, M.; Proietti, E.; Jaouen, F.; Dodelet, J.-P. Science 2009, 324, 71. 
(100) Wu, G.; More, K. L.; Johnston, C. M.; Zelenay, P. Science 2011, 332, 443. 
 
 
19 
 
Chapter 2 
 
Insight into the Electrochemical Reduction of CO2 on Gold via  
Surface-Enhanced Raman Spectroscopy and N-Containing Additives 
 
Reprinted with permission from Oberst, J.; Jhong, H.R. M.; Kenis, P. A.; Gewirth, A. Journal of 
Solid State Electrochemistry 2015, 1. Copyright 2015 Springer. 
 
2.1 Introduction 
 Over the past several decades, greenhouse gas emissions have continuously increased.  
The detrimental environmental effect of these gases, most specifically CO2, has led to intensive 
studies on their capture, sequestration, and conversion.
1-4
  With respect to CO2 conversion, 
captured CO2 is reduced, using excess electricity, to CO or other various hydrocarbons.  CO can 
then be reacted with H2, a typical byproduct in CO2 reduction, in a water-gas shift reaction to 
form a variety of synfuels or commodity chemicals.
2,3
  Despite the intriguing nature of this 
process, CO2 reduction is still limited by low energy efficiencies, partially due to high 
overpotentials required for conversion.
2
  This issue drives much research towards the study and 
development of various CO2 reduction catalyst/electrolyte systems and the interrogation of their 
reaction intermediates. 
 Depending on the electrocatalyst used, a wide variety of products can be obtained 
through the reduction of CO2 in water.
5
  For example, Cu-based catalysts form various 
hydrocarbons, including methane and ethylene.
5-8
  Catalysts such as Pt, Ni, and Pd are poor CO2 
reducers due to strong binding and poisoning by the CO intermediate and form primarily H2 in 
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the potential window where CO2 reduction occurs.
5,9
  In contrast, CO2 reduction on Au and Ag 
demonstrate the highest Faradaic efficiencies for CO formation.
5,10
  For both Au and Ag, the 
higher activity compared to other metals is thought to be in part due to the weak binding of the 
CO product to the catalyst surface.
9
  CO produced by Ag and Au catalysts can be collected and 
converted to various synfuels and commodity chemicals using a Fischer-Tropsch synthesis, 
utilizing any H2 side product as well.
3
   
 The electrochemical reduction of CO2 by Au has been of high interest since Au exhibits 
the highest activity and selectivity for the conversion of CO2 to CO.
5,9,11
  Based on studies of the 
kinetics of CO2 reduction on Au, it has been proposed that the rate determining step is the 
conversion of CO2 to CO2
*-
 radical anion species.
10,12
  Attempts to further improve this reduction 
scheme have included altering the catalyst surface, to either stabilize reactants or destabilize 
products near the electrode surface, in order to decrease the applied overpotential and increase 
catalyst efficiency.  In one example, a Au oxide nanoparticle has been synthesized that has 
improved Faradaic efficiencies, lower Tafel slopes, and higher exchange currents than that of 
polycrystalline Au.
13
  However, the effect of the Au-O species on the reaction and intermediates 
remains little understood.   
 To understand CO2 reduction on Au, vibrational spectroscopy has been frequently 
employed in a variety of systems, most being non-aqueous since these solvents are capable of 
dissolving more CO2 than water.  However, in some of these systems, Au loses product 
selectivity and can produce both CO and formic acid.
14
  One such example, in a DMF solvent, 
Fourier transform infrared spectroscopy (FT-IR) and electron paramagnetic resonance (EPR) 
analysis were used to elucidate that CO2 reduction proceeds, via the formation of free radicals, to 
form both CO and carbonate species.
15
  In acetonitrile, in situ FT-IR was used to verify the 
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production of CO, CO3
2-
, and formate.
16
   To date, little work has been done in studying CO2 
reduction on Au in aqueous systems via vibrational spectroscopies, such as surface-enhanced 
Raman spectroscopy (SERS). 
 Previously, N-containing ligands, such as pyrazole (Pz) and 3,5-diamino-1,2,4-triazole 
(DAT), have been shown to result in an enhancement in electrocatalytic CO2 conversion to CO 
when using a Ag-based electrocatalyst.
17
  The Ag – DAT system was further interrogated in our 
group by utilizing SERS revealing that the presence of N-based additives may destabilize 
adsorbed CO leading to the enhancement of CO2 conversion to CO based on the Sabatier 
principle.
18
  In this work, inspiration is taken from the Ag system in an attempt to further 
interrogate the mechanism and limitations of CO2 conversion on Au utilizing SERS and various 
N-containing additives, such as ethanolamine (EA) and Pz. 
 
2.2 Experimental 
Electrode Preparation 
 Polycrystalline Au working electrodes (1 cm diameter) were sequentially polished in 9, 3, 
1, and 0.25 µm diamond suspensions (MetaDi Supreme, Buehler).  These electrodes were 
polished using the 0.25 µm suspension between studies.  After polishing, the electrode was 
thoroughly rinsed using 18.2 MΩ Milli-Q water (Millipore Inc.).  For all electrochemistry carried 
out in a 2-compartment cell and shown within, a smooth, bare Au electrode was used.  For these 
experiments, current densities were calculated using the geometric surface area of the Au 
electrode (1 cm diameter).  For in situ SERS measurements, after polishing and rinsing, the Au 
electrode was then electrochemically roughened in a cell consisting of a Ag/AgCl (3 M KCl) 
reference electrode, a Au counter electrode, and a 0.5 M KCl electrolyte as previously 
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described.
19,20
  The lower potential limit was -0.25 V vs. Ag/AgCl and the upper potential limit 
was 1.3 V vs. Ag/AgCl.  Ten roughening cycles were carried out on the Au disk before use.  
 
Electrolyte Preparation 
 Electrolyte was 1 M KOH (99.99% trace metal basis, Sigma-Aldrich) with a saturating 
concentration of Ca(OH)2 (99.995% metal basis, Sigma-Aldrich) prepared using Milli-Q 
water.
18,21
  In noted electrolytes, N-containing additives were added to achieve a 10 mM 
concentration.  These compounds include 3,5-diamino-1,2,4-triazole (98%, Aldrich), 
benzotriazole (99%, Aldrich), pyrazole (98%, Aldrich), and ethanolamine (99.5%, Aldrich).  
Sparging the electrolyte with CO2 effectively reduces the pH from approximately 13.1 to 7.8.
5
  
For control experiments, the electrolyte was first sparged with Ar for 30 minutes and then the pH 
was adjusted using HClO4 (Ultrex II Ultrapure Reagent grade, JT Baker).  The electrolyte was 
sparged with Ar for an additional 30 to 60 minutes after the pH was adjusted. 
 
Electrochemical Characterization 
 Electrochemical experiments were carried out using a CHI760 potentiostat (CH 
Instruments).  A Ag/AgCl “no leak” reference electrode (Cypress Systems) was used for all 
experiments.  Potential conversion from “vs. Ag/AgCl” to “vs. reversible hydrogen electrode 
(RHE)” was completed by sparging an electrolyte with H2 and measuring an open circuit 
potential.  For SERS measurements, a Pt wire counter electrode was used as the counter 
electrode.  For other electrochemical experiments, a Pt gauze counter electrode was used.  
Electrochemistry was carried out in a 2-compartment cell with the counter electrode separated by 
the main compartment by a frit.  Using a smooth Au electrode for these experiments, the 
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geometric surface area was used to calculate the current densities reported herein.  Tafel analysis 
was carried out on iR-corrected Tafel plots.  iR correction was achieved by measuring and 
subtracting the solution resistance as a function of potential. 
 
Surface-Enhanced Raman Spectroscopy 
 In situ SERS measurements were carried out in a spectroelectrochemical cell previously 
described.
22
    A 50 mW 632.8 nm He-Ne laser (Meredith Instruments) was used to excite the 
sample at an approximate 45° incident angle.  Scattered radiation was collected using an f/1.2 
collection lens (Canon) and focused to the 50 µm slit of a SpectraPro 2300i monochromator 
(Princeton Instruments).  Using a grating with 1200 grooves/mm, the radiation was dispersed 
onto a CCD detector (Andor) that was cooled to -60 °C.  Acquisition times for the spectra 
reported ranged from 10 to 30 s. 
 
2.3 Results and Discussion 
Solution Electrochemistry  
 Figure 2.1 shows voltammetry obtained from a Au electrode immersed in a pH = 7.8 
solution.  Table 2.1 also summarized pertinent electrochemical data and will be discussed 
throughout.  The bare electrode under Ar exhibits reductive current starting at -0.4 V associated 
with H2 evolution.  In the presence of CO2 sparged into the electrochemical cell, the reductive 
current starts at -0.2 V, this reduction in onset is associated with CO2 reduction.  Prior work with 
Au has demonstrated that its primary product for CO2 electroreduction is CO with a Faradaic 
efficiency of approximately 80% for CO and less than 10% for HCO2
-
 and H2 at reasonably low 
overpotentials.
5,6,10,11
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 Figure 2.1 also shows the effect of addition of benzotriazole (BTA) on the CO2 reduction 
onset.  Addition of N-containing compounds such as BTA does not affect the voltammetry 
(Figure 2.1) or product distribution (not shown) associated with CO2 reduction to form CO.  A 
similar insensitivity was seen for 3,5-diamino-1,2,4-triazole (DAT) and pyrazole (Pz). This 
behavior is in contrast to that found for Ag electrocatalysts, where addition of these N-containing 
ligands diminished the overpotential for CO formation by ca. 150 mV relative to catalysts not 
containing these species.
17
  On Ag, the presence of the N-containing molecules was found to 
destabilize the product CO, yielding CO more weakly associated with the electrode surface.
18
  
Alternatively, CO is known to associate much less strongly with Au relative to Ag (ca. 0.40 eV 
vs. ca. 0.28 eV, respectively).
23-26
  The absence of this behavior on Au must mean that product 
destabilization is not operative on the Au surface through the addition of the N-containing 
molecules. 
 Figure 2.1 also shows the effect of addition of 10 mM of ethanolamine (EA) into the 
CO2-containing electrolyte.  EA is known to facilitate the capture of CO2 by forming an EA 
carbamate when an EA solution is exposed to CO2.
27
  Almost pure CO2 can then be collected 
from the EA carbamate via reheating and the EA can be reused for CO2 adsorption.  The 
voltammetry shows that the overpotential for CO formation is diminished by ca. 35 mV when 
EA is present. 
 To further interrogate the effect these N-containing species have on the mechanism of 
CO2 reduction on Au, Tafel analyses on the low overpotential regions were completed.  The 
results are summarized in Table 2.1.  In the absence of N-containing additives, the Tafel slope is 
approximately 120 mV/decade, consistent with literature.
10,13,28,29
  Typically, on Au, Tafel slopes 
around 120 mV/decade indicate a rate determining step consisting of the first one-electron 
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transfer to CO2.  The Tafel slope for CO2 reduction in the presence of BTA is similarly found to 
be approximately 120 mV/decade. The similar current density, onset, and Tafel slope show that 
BTA likely does not change the reaction mechanism on the Au electrode surface.  Likewise, only 
modest changes in the Tafel behavior were found with addition of DAT or Pz. 
 Figure 2.1 shows that upon addition of EA to the CO2-saturated electrolyte, the Tafel 
slope increases from ca. 120 mV/decade to ca. 220 mV/decade.  High Tafel slopes in other 
systems are typically associated with several explanations including mass transfer limitations, a 
surface functionalized barrier, or a decreased number of active sites, perhaps due to H2 or CO 
intermediate binding or N-containing additive adsorption in this case.
30-33
  Tafel analysis was 
also completed on the high overpotential region revealing very high Tafel slopes.  These will not 
be discussed in depth but are thought to be due to a combination of CO2 reduction and hydrogen 
evolution (HER) which occurs at such negative potentials, as indicated by the cyclic 
voltammetry measured under Ar. 
 
Raman Spectroscopy 
To further examine the effect of EA addition on the CO2 reduction process, and to 
contrast the behavior of other N-containing additives used to enhance CO2 reduction on Ag 
surfaces, SERS was performed during the course of CO2 reduction on Au.
17,18
  Figure 2.2 shows 
the potential dependence of the CO stretching vibration on a roughened Au electrode in absence 
(a) and presence of Pz (b) and EA (c) in the bulk CO2 saturated electrolyte.  The peak at ca. 2120 
cm
-1
 arises from CO adsorbed on Au at atop sites.
34-36
  As seen in Figure 2.2a, the CO stretching 
vibration is not seen on Au in the absence of N-containing compounds in solution.  This behavior 
mimics prior reports demonstrating fluctuations of SER spectra of CO on Au indicating surface 
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restructuring of Au.
34,35
  When N-containing compounds, such as Pz and EA, are added to the 
electrolyte, the CO stretching band becomes evident as shown in Figure 2.2b,c.  This is also true 
for DAT and BTA, not shown.  Also shown in Figure 2.2d is the potential dependence on the CO 
stretching peak position.  This peak shifts from ca. 2120 cm
-1
 at 0.4 V to ca. 2098 cm
-1
 at -0.4 V, 
prior to the peak disappearing at more negative potentials.  This dependence yields a Stark shift 
of 32.1, 39.8, and 32.9 cm
-1 
V
-1
 for Pz, DAT, and EA, respectively.  This value is consistent with 
the ca. 40 cm
-1
 V
-1
 found in literature for the Stark shift of the CO stretch.
36-38
 
Figure 2.3 shows the potential dependent SER spectra obtained from a roughened Au 
electrode in pH adjusted Ar-saturated electrolytes with BTA (a), Pz (b), and EA (c).  Compared 
with the spectra collected under CO2, shown in Figure 2.4, the Ar-saturated spectra evince 
intense bands related to the added N-containing compounds at potentials close to open-
circuit.
39,40
  As the potential is swept more negative, the bands associated with the N-containing 
compounds slowly decrease in intensity before disappearing completely around -0.4 V.  No 
features are evident in the CO stretching region for electrolytes absent CO2.  This behavior 
suggests that the N-containing compounds desorb at negative potentials, a behavior found on Ag 
as well.
18
 
 
Electrochemistry with Adsorbed N-containing Compounds 
Figure 2.5 shows cyclic voltammetry of a Au disk in a CO2 saturated electrolyte with a 
pH of ca. 7.8.  As shown in Figure 2.5a when EA is cast on the Au surface, the maximum current 
is increased but the onset is unaffected in the first cycle.  The current density magnitude 
increases, when EA is added to the Au surface, by a factor of approximately 1.3 at low 
overpotentials (ca. -0.4 to -0.5 V vs. RHE) and approximately 1.6 at higher overpotentials.  Tafel 
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analysis revealed a larger slope of approximately 198 mV/decade in the low overpotential regime 
compared to the 120 mV/decade found for bare Au discussed above.  As the EA/Au system was 
cycled, the activity decayed towards that of bare Au, suggesting that the EA was not strongly 
bound to the Au surface.  Figure 2.5b compares cyclic voltammetry for a stationary Au disk onto 
which EA has been adsorbed and a rotated, bare Au disk (absent EA).    Interestingly, the current 
obtained from the first cycle of the ethanolamine-coated Au electrode compares well to the 
current achieved at a rotated Au electrode during CO2 reduction.  As expected, neither Au 
electrode exhibits rotation rate dependence (not shown). 
 
2.4 Conclusions 
The SER spectra collected during CO2 reduction on Au only exhibit a peak associated 
with CO, adsorbed on atop sites, when N-containing additives such as BTA or EA are present in 
the electrolyte.  These additives do not affect the CO2 reduction activity or product distribution 
of the Au electrodes.  As noted previously, this is in contrast to their effect on Ag electrodes, 
where the N-containing additives lead to enhanced CO production.  On Ag, CO formed was only 
weakly adsorbed on the Ag surface and that weaker adsorption was encouraged by the addition 
of an additive.  Thus, on Ag, the role of the additive is to further destabilize the adsorbed CO.  It 
is important to note that CO adsorption on Au is much weaker than that on Ag (ca. 0.28 eV vs. 
ca. 0.40 eV, respectively).
23-26
  So, on Au, the CO product is already destabilized which is why 
the additives demonstrate no effect on CO2 reduction. 
In contrast, by adding a known CO2 scavenger, EA, it is possible to enhance the CO2 
reduction rate to CO, at least during initial cycles.  This enhancement is approximately the same 
magnitude as that found with electrode rotation.  The change in current density indicates that 
CO2 association to the EA/Au system improves by a factor of approximately 1.3 at low 
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overpotentials (ca. -0.4 to 0.5 V vs. RHE) and approximately 1.6 at high overpotentials, which 
demonstrates that the adsorbed EA additive increases CO2 near the Au electrode surface.  
Overall, the enhancement suggests that the origin of the enhancement is the increased availability 
of the CO2 reactant at the Au surface.   
In summary, on Au electrodes, the CO product is already sufficiently destabilized to be 
easily removed and increasing the concentration, and thus the availability, of the CO2 reactant 
near the Au surface yields an enhancement in the CO2 reduction activity.  Therefore, enhancing 
CO2 reduction to CO on Au should focus primarily on the reactant side of the Sabatier plot as the 
product, CO, is already sufficiently destabilized.  As demonstrated, this can be achieved utilizing 
various N-containing additives that serve to stabilize or concentrate the CO2 reactant near the Au 
surface. 
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2.5 Figures and Tables 
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Figure 2.1  Cyclic voltammetry (50 mV/s) of Au in 1 M KOH + Ca(OH)2 (sat’d) under Ar  
(black) and under CO2 (red) with 10 mM BTA (blue) and EA (green).   Ar-saturated electrolytes 
had an adjusted pH of approximately 7.8.  Inset figure shows Tafel analysis of Au in a CO2 
saturated electrolyte with (red) and without (black) EA. 
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 Onset  
(V vs. RHE) 
Max Current Density 
(mA/cm
2
) 
Tafel slope - 
low η 
(mV/dec) 
Tafel slope - 
high η 
(mV/dec) 
Control -0.22 44.6 124 733 
+ 10 mM BTA -0.24 50.5 124 716 
+ 10 mM Pz -0.26 44.7 156 716 
+ 10 mM DAT 
 
-0.24 42.6 157 751 
+ 10 mM EA -0.19 40.3 222 930 
 
Table 2.1  Onset, current density, and Tafel slope data from cyclic voltammetry obtained with a 
Au electrode in 1 M KOH + Ca(OH)2 saturated with CO2.  Onset when 0.5 mA/cm
2
 is achieved.  
Max current density when -1.0 V vs. RHE is reached.  Tafel slopes corrected for solution 
resistance.  
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Figure 2.2  SER spectra during cathodic sweep, at 0.1 V increments, in 1 M KOH + Ca(OH)2 
(sat’d) electrolyte continuously sparged with CO2 (a) with 10 mM Pz (b) and 10 mM EA (c).  (d) 
shows the potential dependence of the CO stretching peak in the presence of each additive: BTA, 
Pz, DAT, and EA. 
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Figure 2.3  SER spectra during cathodic sweep in 1 M KOH + Ca(OH)2 (sat’d) electrolyte 
continuously sparged with Ar with 10 mM BTA (a), 10 mM Pz (b), and 10 mM EA (c). 
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Figure 2.4  SER spectra during cathodic sweep in 1 M KOH + Ca(OH)2 (sat’d) electrolyte 
continuously sparged with CO2 with 10 mM BTA (a,b), 10 mM Pz (c,d), and 10 mM EA (e,f). 
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Figure 2.5  Cyclic voltammetry (50 mV/s) of Au in 1 M KOH + Ca(OH)2 (sat’d) saturated with 
CO2 (pH approximately 7.8)  (a) with (red) and without (black) EA and (b) with EA at 0 rpm 
(black) and without EA at 1600 rpm (red). 
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Chapter 3 
 
Effect of pH and Azide on the Oxygen Reduction Reaction  
with a Pyrolyzed Fe Phthalocyanine Electrocatalyst 
 
Reprinted with permission from Oberst, J. L.; Thorum, M. S.; Gewirth, A. A. Journal of Physical 
Chemistry C 2012, 116, 25257. Copyright 2012 American Chemical Society. 
 
3.1 Introduction 
After Jasinski’s initial discovery that cobalt phthalocyanine catalyzed the oxygen 
reduction reaction (ORR),
1,2
 much attention has been given to studying similar metal 
phthalocyanines (Pc) and porphyrins (Por) as ORR electrocatalysts due to their low cost 
compared to Pt.
3
  A major breakthrough was the realization that pyrolyzed Fe or Co Pc or Por 
exhibited better activity relative to the unpyrolyzed materials.
4,5
   While Pc or Por materials were 
the initial starting point for ORR studies, it is now understood that competent ORR catalysts can 
be produced from elemental Fe, a N source, and a carbon support.  Indeed, optimized pyrolyzed 
Fe/N/C electrocatalysts can rival activities of noble metal-based catalysts such as Pt.
6
   
Progress in optimizing  pyrolyzed Fe/N/C electrocatalysts is limited by the almost 
complete lack of understanding relative to the structure of the active site, despite years of study.
4
  
Initially, Yeager proposed that pyrolyzing these macrocycles caused their decomposition into 
surface N with adsorbed transition metal ions.
7
  Another proposition suggests that heat treatment 
of the macrocycle compounds helps to bind them to the carbon surface while maintaining iron as 
the macrocycle center.
8
  More recently, these authors suggest that Fe-N4 macrocycles remain 
stable up to pyrolysis temperatures of 700 °C and that at 800 °C there is only initial evidence for 
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destruction.
9
  In fact, some even suggest that the metal center is unnecessary in the ORR 
electrocatalysis and that, during pyrolysis, the macrostructure is destroyed with Fe potentially 
helping to form the new active site for the ORR.
10-15
   
One way to develop insight into the active site for the ORR in pyrolyzed Fe/N/C 
materials is to examine the effect of small molecules which might alter the ORR activity, much 
in the same way small molecules are utilized to examine metal-centered active sites in 
metalloproteins.
16
   Unfortunately, very few small molecules exhibit any effect.  For example, 
CO – well known to bind to porphyrinic metal complexes in other contexts17 – has no effect on 
Fe/N/C electrocatalysts.   This result has been interpreted to suggest that the ORR active site in 
these materials is not metal centered.
12
  However, reversible association of CO with the metal 
center could explain this insensitivity.
18
  In an alternative attempt, our group utilized NaF, 
KSCN, and EtSH in neutral electrolyte and KCN in basic electrolyte as probes of pyrolyzed iron 
(II) phthalocyanine (FePc).
19
  Interestingly, with both the unpyrolyzed and pyrolyzed FePc 
electrocatalysts, the only small molecule that demonstrated any effect on the ORR activity was 
CN
-
.  The inhibition of the ORR activity was proposed to be due to the strong complexation of 
CN
-
 to Fe. 
In this chapter, a carbon-supported FePc that has been pyrolyzed at 800°C is utilized to 
further probe the ORR active site and mechanism of the more general, pyrolyzed Fe/N/C 
materials.  Herein, a new small molecule that affects the ORR activity in pyrolyzed FePc catalyst 
is demonstrated; thus proving to be a useful probe in determining the active site for the ORR in 
the general class of pyrolyzed Fe/N/C materials. 
 
3.2 Experimental 
Catalyst Preparation 
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Preparation of the ORR catalyst followed the literature.
18,20
  Briefly, FePc was purchased 
from Strem Chemicals.  25.1 mg FePc was added to 100 mL of acetone and stirred.  587 mg of 
Vulcan XC-72 was then added to the FePc mixture.  This slurry was stirred at room temperature 
at 350 rpm for 2 hours.  After this time, the temperature was gradually increased to 70°C and the 
acetone was evaporated off over the course of several hours.  The beaker was then covered with 
a Kimwipe to insure no debris was mixed in the catalyst before placing it in an oven at a 
temperature of 75 °C overnight.  The catalyst was then collected, pulverized and stored in a vial 
on the benchtop until used. 
The pyrolysis procedure was followed very closely to what has already been reported in 
the literature.
18,19
  A sample of the FePc on Vulcan was placed in a quartz boat that was then 
placed into a tube furnace.  The tube was then sealed and purged with Ar (1000 mL/min) for 10 
minutes.  The flow rate was then reduced (50 mL/min) and the furnace temperature raised to 800 
°C.  This temperature was maintained for 20 minutes, following which the sample was allowed 
to cool to room temperature under flowing Ar.  The pyrolysis was completed with only a 6.7% 
mass loss. 
 
Electrochemical Characterization 
FePc ink was also created following published ratios.
18,19,21
  However, to create the ink 
used for these experiments, 25.7 mg pyrolyzed FePc on Vulcan, 244 μL of 5% Nafion (Aldrich) 
and 900 μL of anhydrous ethanol (Sigma-Aldrich) were suspended by sonication for 90 minutes.  
After sonication, 7 μL of the ink (approximately 800 μg/cm2) was drop-cast on a glassy carbon 
disk of radius 1.5 mm (0.196 cm
2 
area) and allowed to air-dry. 
Electrochemistry was carried out in a two compartment cell.  The reference electrode 
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used was a Ag/AgCl “no leak” electrode (Cypress Systems) and the counter was platinum gauze.  
Potentials were converted to RHE by sparging the solution with H2 and measuring a Pt open 
circuit potential.  Supporting electrolytes were pH 6 dihydrogen potassium phosphate buffer 
(Fisher Scientific), pH 1.3 (0.05 M) H2SO4 or pH 12.5 (0.1 M) KOH.  The pH of each electrolyte 
was measured using a Denver Instrument UltraBasic pH Meter.   In neutral and basic solutions, 
data from the third cycle is reported.  For acidic electrolytes, data from the first cycle is shown 
here due to previously reported stability issues of FePc in acid.
4,22
 The rotation rate used for all 
RDE measurements was 1600 rpm unless otherwise stated.  Diffusion limited currents were 
determined at 0.1V (pH 1.3), -0.1 V (pH 5.9), and 0.6 V (pH 12.5).  Onsets potentials were 
determined as the potential at which 5% of the diffusion limited current had been achieved.  
Mass transfer corrected Tafel analyses were also carried out using diffusion limiting currents as 
described previously in literature.
23
  Briefly, the potential was then plotted as a function of the 
logarithm of the ratio jdj/(jd-j), where jd is the diffusion limiting current and j is the measured 
current.  Tafel slopes were determined in the region close to the onset potential.  
 
XPS Characterization 
Samples for XPS were prepared by drop-casting 7 μL of a pyrolyzed FePc ink without 
the added Nafion onto a glassy carbon electrode, which was allowed to air dry.  The disk was 
then placed on a conductive sample holder.  Survey scans (5 scans averaged) were collected and 
high resolution scans (10 scan averages) were collected for the N, C, and Fe peak areas.    
 
3.3 Results and Discussion 
Figure 3.1 shows RDE data obtained using the pyrolyzed FePc catalyst at three different 
pH values with and without the presence of N3
-
.  The figure shows that as the pH is increased, 
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the onset potential for the ORR increases as well from ca. 0.6 V in acidic and neutral pH to ca. 
0.9 V vs. RHE at pH 12.5, consistent with the literature.
18,19,24,25
 Koutecky-Levich plots (not 
shown) obtained from all these RDE curves show that oxygen is being reduced in a four electron 
process over all three pH regions, as expected.  The figure also shows modest variation in the 
magnitude of the diffusion limited current in the different pH regimes, attributed to variation in 
the quality of the casted film. 
Along with the effects of pH, Figure 3.1 shows the effect of azide addition on the ORR 
process.  In pH 1.3 and 12.5 solution (Figure 3.1a and 3.1c) azide addition results in no change to 
the ORR onset or the limiting current.  At the time of publication, there were no small molecule 
enhancers or inhibitors of the ORR using this or related catalysts at low pH.   
At pH 6, the effect of azide is different from that seen in acid and base.  As shown in 
Figure 3.1b, azide acts as to enhance the ORR.  The onset potential is increased by ca. 50 mV 
with no change in the magnitude of the diffusion limited current.  Upon deoxygenating the 
electrolytes, no change in activity was found upon the addition of azide (not shown).  
Interestingly, it has been previously shown that addition of KSCN, EtSH, or NaF had no effect 
on the ORR with this catalyst at pH 6.
19
  Direct measurement showed that azide addition did not 
change the pH of any of the electrolytes.  XPS results (not shown) unfortunately do not 
discriminate between samples with and without exposure to azide. 
The ability to enhance the ORR activity of the pyrolyzed FePc catalyst with azide in 
neutral solution strongly suggests that the active site for the ORR is metal based – at least in this 
catalyst system.  Azide poisons oxygen binding in hemoglobin by autooxidizing the Fe
2+
 site in 
the active heme.
26
  However, with increasing pH, azide poisoning becomes less effective.
26
  The 
discovery that azide affects the ORR raises to two the number of small molecules that interact 
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with the catalyst and affect the ORR rate.  The other, CN
-
, inhibits the ORR in base but has not 
been tested at lower pH values.
19
   
Interestingly, azide does not affect the ORR for the pyrolyzed FePc catalyst in base.  In 
the basic environment, it is very likely that the Fe center is hydroxylated.
27
  The Pourbaix 
diagram for Fe shows that Fe(OH)x  x= 2,3 bulk material is stable at elevated pH.
28
  While metal 
coordination substantially alters the stability of different materials, Fe hydroxylation is likely no 
matter what the coordination environment.  The hydroxylated Fe center is stable to azide 
introduction, a result expected since Fe
3+
-N3
-
 complexes typically exhibit a Gf = -25 kJ/mol 
while typical Fe
3+
-OH complexes exhibit Gf = -54 kJ/mol and are hence much more stable.
29,30
  
CN
-
 association with the porphyrin center in metmyoglobin is also quite strong, exhibiting a Gf 
= -48 kJ/mol.
31
 
Further examination of the RDE curves in Figure 3.1 shows that they do not all exhibit 
the same slope.  Clearly the RDE measurement obtained in base is steeper relative to those 
obtained in acid, as has been described previously for various pyrolyzed Fe/N/C catalysts.
25
  This 
qualitative description of the RDE behavior prompted us to examine the Tafel slope of the FePc 
catalyst during ORR in the different pH regions examined here. 
Figure 3.2 shows the mass transfer-corrected Tafel slopes obtained from each of the pH 
regions examined above.  The figure shows that while the Tafel slope in acid and neutral pHs 
absent azide is roughly the same, varying between 118 and 134 mV/decade, the Tafel slope is 
much lower in base, around 38 mV/decade.  Addition of azide has little effect on the magnitude 
of the Tafel slope at any pH level.  These results are reported in Table 3.1. 
Attendant the insensitivity of the basic form of the pyrolyzed FePc catalyst to N3
-
 
exposure is the relatively small Tafel slope of 38 mV/decade, in contrast to the Tafel slope 
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around 120 mV/decade found in acid or neutral.
27
  The lower Tafel slope in base implies a 
different mode of reactivity relative to the other two pH values.  There are a number of prior 
attempts to discuss the mechanism of the ORR in these materials in the context of the 60 
mV/decade Tafel slope in base.  Among the first, Yeager suggested the low Tafel slope in base 
for pyrolyzed Fe porphyrin material catalysts arose as a consequence of a slow reaction 
involving an Fe(III)-O2
-
 complex following rapid metal center dehydroxylation, O2 adsorption, 
and reduction to O2
-
.
27
    Other explanations invoke high O2 adsorption to the active material, 
comparable to that seen on Pt.
24
  Another explanation, similar to that suggested by Jaouen and 
Dodelet,
32
 suggests a red-ox mediated, sequential process of O2 adsorption and reduction to 
superoxide followed by the slower process of spitting the O-O bond.
33
 
In neutral pH solutions, where azide does affect the ORR of the pyrolyzed FePc catalyst, 
the Tafel slope is larger.   This larger Tafel slope is also the subject of a number of explanations.  
For example, high Tafel slopes have been attributed to incomplete utilization of the catalyst.
34
  
However, more likely is that a different mechanism for oxygen reduction is taking place.  Yeager 
made one of the first attempts at unraveling this mechanism by proposing that the oxygen 
reduction rate was limited by the uptake of O2.
27
  Another explanation proposes that the initial 
steps of oxygen reduction become a concerted process, after O2 adsorption, with electron transfer 
followed by superoxide formation and another electron transfer followed by O-O bond splitting, 
the latter controlling the reaction rate.
32,33
  The Tafel behavior reported here is consistent with 
this one electron rate limiting step of splitting the O-O bond.   
The results presented thus far suggest that the FePc active site in basic electrolyte is 
different from that found in acidic electrolyte.  In order to determine whether the two types of 
sites could be interconverted, titrations were performed and RDE measurements were made at 
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various pH levels.  Figure 3.3a shows the RDE results of a titration starting with the FePc 
catalyst in a basic electrolyte and then titrated up to pH 1.5.  The figure shows that the onset 
potential changes from ca. 0.9 V vs. RHE in base to ca. 0.5 V vs. RHE in acid.  Interestingly the 
shape of the RDE curve changes with pH, as expected from the change in Tafel slope.  Moving 
the pH back to 12.45 leads to onset behavior ca. 100 mV worse than that found initially at this 
pH.  If the catalyst was cycled between 1.0 V vs. RHE and -0.1 V vs. RHE in the presence of O2 
the same number of times, but only at pH 12.5, the same drop in activity was not observed, as 
shown in Figure 3.4a.   
Figure 3.3b shows the results of starting in acid and then titrating to base for the FePc 
catalysts performing the ORR.  At pH 12.6 the onset potential is similar to that found with the 
catalyst initially starting in basic electrolyte.  However, when the pH is lowered again, the 
performance of the catalyst is noticeably degraded relative to that found initially.  
Considering the mechanistic consequences of this behavior, it is noted that in neutral 
solution, azide addition leads to catalytic performance very similar to that found in acid absent 
azide.  In one – admittedly speculative – scenario, an amine or pyridinic nitrogen is protonated at 
low pH, possibly giving rise to a N-H3O-Fe type of coordination.  At intermediate pH, the amine 
or pyridinic nitrogen is deprotonated (pKa for pyridinium = 5.2), and bound weakly if at all to the 
Fe center.  The introduction of azide then would provide another sigma donor capable of 
coordinating to the metal and the deprotonated imidazole or other N center.  Other sigma donors, 
such as halides, may be too small or too weak sigma donors to perform this function.  The azide 
then pumps electron density into the Fe center, making the metal a better reductant.   There are of 
course other possibilities, involving, for example, electron transfer pathways which may also be 
repaired by azide in neutral solution, or a change in mechanism involving, for example, an EC or 
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ECE process. 
 
3.4 Conclusions 
The work presented here shows that there are substantial differences between the 
performance of the pyrolyzed FePc catalyst in acid, neutral, and base.  Between neutral and base 
the Tafel slope and behavior on azide addition changes dramatically.  Additionally, the 
pyrolyzed FePc catalyst seems to convert well between the acid form and base form when 
moving from base to acid, but does not convert or is degraded when moving from acid to base. 
In conclusion, it has been demonstrated that addition of azide in neutral solution leads to 
enhancement of the ORR from pyrolyzed FePc adsorbed on carbon.  This behavior is not 
observed in either strong acid or strong base, which likely reflects different mechanisms for the 
ORR observed from the FePc materials in these different pH regions.  The ability to alter the 
ORR with a small molecule provides further evidence that at least in these systems the ORR 
behavior is associated with a metal center and also provides the beginnings of a window with 
which to further interrogate the active site of these important materials.  
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3.5 Figures and Tables 
 
Figure 3.1 RDE measurements obtained at 1600 rpm showing the ORR activity of pyrolyzed 
FePc in various electrolytes with (red) and without (black) 10 mM NaN3. 
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Figure 3.2  Mass transfer corrected Tafel plots from RDE measurements obtained at 1600 rpm in 
various electrolytes with (red) and without (black) 10 mM NaN3. 
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Electrolyte pH Onset (V) Tafel Slope (mV/dec) 
pH 1.3 H2SO4 1.3 0.668  118 
+10 mM NaN3 1.3 0.654  133 
pH 6 buffer 5.9 0.590  134 
+10 mM NaN3 5.9 0.643  119 
pH 12.5 KOH 12.5 0.887  38 
+10 mM NaN3 12.5 0.887  38 
 
Table 3.1  Data from the cathodic scan for RDE measurements in Figure 3.1 and the measured 
electrolyte pHs.  Onsets were determined at 5% of the diffusion limited current which was 
determined at 0.1V (pH 1.3), -0.1 V (pH 5.9), and 0.6 V (pH 12.5). 
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Figure 3.3  RDE measurements obtained at 1600 rpm showing the ORR activity of pyrolyzed 
FePc in an electrolyte being titrated from basic to acidic (a) and from acidic to basic (b) followed 
by returning the electrolyte to near initial conditions. 
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Figure 3.4  Stability RDE measurements obtained at 1600 rpm showing the ORR activity of 
pyrolyzed FePC in a basic electrolyte (a) and an acidic electrolyte (b). 
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Chapter 4 
 
Dynamic Adsorption of Oxygen on Platinum, Palladium, and Platinum Alloy 
Surfaces during the Oxygen Reduction Reaction  
 
4.1 Introduction 
Pt-group metals have been of high interest for fuel cell electrocatalysis, most specifically 
for the oxygen reduction reaction (ORR).  Currently, Pt is the benchmark for ORR 
electrocatalysis.
1-3
  However, Pt has very high cost and low availability.  Pt is also strongly 
poisoned by membrane degradation products, from the membrane of a polymer electrolyte 
membrane fuel cell, fuel oxidation products, such as the CO created in a direct-methanol fuel 
cell, and impurities in reformed H2 fuel.  With these factors in mind, there has been a push to 
both minimize Pt content, utilizing Pt alloys or shells, and develop other less costly ORR 
electrocatalysts.     
Since Pt and Pd have similar electronic properties, with similar atomic sizes crystal 
structures, attention has been given to studying Pd as an ORR electrocatalyst.
4
  It has been shown 
previously that based on intermediate binding energies, that Pd has the second highest ORR 
activity of all bulk metals.
5
  Pd is also less susceptible to poisoning by fuel oxidation and 
membrane degradation products, such as CO, than the current fuel cell standard, Pt.
1,4,6
  With 
these attributes and the lower cost of Pd than Pt, Pd could be a viable alternative to Pt in fuel cell 
applications.  In acidic electrolytes, Pd based catalysts are less ORR active than Pt, despite 
numerous similarities.  However, by utilizing different morphologies, the ORR activity of Pd can 
be modified and enhanced to almost that of Pt.
7
  Interestingly, the ORR activity of Pd is 
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enhanced in an alkaline electrolyte, becoming equal to or greater than Pt.
7-10
  Work with Pd often 
involves coupling with other metals, such as Co, Fe, or Ni, in either an alloy or monolayer core-
shell scheme.
4,8,11-18
  Overall, ORR studies with Pd, in both alkaline and acidic electrolytes, have 
been driven towards improving the ORR activity of Pd to be either similar or enhanced to that of 
Pt. 
Pt alloys, such as Pt3Ni and Pt3Co, have also been of high interest for the ORR, with 
onsets ranging from 20-100 mV better than pure Pt depending on the structure and 
composition.
19-21
  Addition of a secondary metal changes the active site availability and the 
bonding strength of the catalyst surface, giving rise to the many studies attempting to unravel the 
source of ORR enhancement in these materials.  Currently, the activity enhancement of Pt alloys 
is thought to be due to several interrelated properties including d-band occupancy, Pt-O bond 
strengths, modified geometric structures, changed particle sizes and particle wettability, or 
increased number of active site due to secondary metal dissolution.
19,21-36
  Various computational 
studies have been completed to determine and relate the ORR activity of Pt alloys to the 
aforementioned properties.
29,37-40
  For example, many correlations have been made between the 
ORR activity and the d-band center of Pt alloys.  For Pt alloys, the d-band center of Pt is 
theoretically lowered by the secondary metal, bringing it closer in energy to the Fermi level.  
This difference is then related to the binding energy of ORR intermediates.
19,22
  Similar to a d-
band center argument, the direct, calculated adsorption energy of O2 on Pt alloy surfaces has also 
been utilized.
39
  However, these models all focus on the Pt-O bond and presume a static Pt-Pt 
bond, similar to what is seen with Pt.  Recently, it has been shown that the Pt-Pt bond is actually 
dynamic, and not static as previously assumed.
41
 
 During the ORR, it has been demonstrated that the Pt surface expands during O2 
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adsorption, yielding a dynamic Pt-Pt bond.
41
  It was shown by combining in situ surface stress 
measurements and extended X-ray adsorption fine structure (EXAFS) measurements that the Pt-
Pt bond expands by 5 to 10 mÅ due to O2 adsorption.  Herein, utilizing in situ surface stress 
measurements, the dynamic surface properties of bulk Pt alloy and Pd electrodes are further 
interrogated, in both acidic and alkaline electrolytes, in order to develop and further enhance 
current trends in ORR activity. 
 
4.2 Experimental 
Cantilever Preparation and Characterization: 
Cantilevers were prepared via several methods, all resulting in borosilicate glass 
coverslips (Gold Seal No. 1, 150 µm thick, Young’s Modulus = 75.9 GPa) coated on one side 
with the material of interest.  Pd cantilevers were fabricated using electron-beam physical vapor 
deposition (EB-PVD).  Briefly, Pd was deposited to a thickness of 200 nm onto glass coverslips 
with a 20 nm Ti adhesion layer.  Au cantilevers were also fabricated identically, depositing 200 
nm of Au onto the glass coverslips with a 20 nm Ti adhesion layer. 
Pt and Pt-alloy cantilevers were prepared by electrodeposition onto the Au cantilevers.  Pt 
and Pt-alloy deposition follows previous reports in literature.
42-44
  Briefly, for Pt-alloy 
cantilevers, an electrolyte of 3 mM Na2PtCl6 (Sigma Aldrich, 98%), 0.1 M NiCl2 (Alfa Aesar, 
99.99%) or CoCl2•5H2O (Acros, ACS Reagent), and 0.5 M NaCl (Sigma Aldrich, ≥99%) was 
prepared using 18.2 MΩ Milli-Q water (Millipore Inc.).  For Pt-only cantilevers, the NiCl2 and 
CoCl2•5H2O salts were omitted from the deposition solution.  The deposition electrolytes were 
sonicated for 45 minutes prior to use.  Au cantilevers were cut to approximately 25 mm by 5 mm 
using a diamond-tipped pen, rinsed thoroughly with Milli-Q water, and quickly annealed using 
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an H2 flame.  Electrodeposition of all Pt materials on the Au cantilevers was achieved by holding 
the deposition potential at -0.5 V vs. Ag/AgCl for 2 minutes.  The cantilevers were then 
thoroughly rinsed with and stored (less than 2 days) in Milli-Q water until used.  Composition of 
Pt alloy cantilevers was verified using x-ray photoelectron spectroscopy (XPS) and inductively 
coupled plasma-optical emission spectroscopy (ICP-OES). 
 
In Situ Surface Stress Measurements 
 In situ surface stress data was collected using an optical stress measurement setup and 
cell described previously.
41,45,46
  Utilizing the cantilever bending method, the cantilever’s 
curvature was measured and used to calculate the surface stress using Stoney’s equation.47-49  
The surface stress of each cantilever was normalized to 0 at approximately 1.2 V vs. the 
reversible hydrogen electrode (RHE).  Differences were then calculated by subtracting the 
surface stress under Ar from the surface stress under O2, for each cantilever.  The differences, for 
each cantilever/electrolyte system, were then averaged and error bars represent the standard 
error.  Cyclic voltammetry was measured using a CV-27 potentiostat (BASi).   
Briefly, a coated cantilever was used as the working electrode, a glassy carbon rod was 
used as the counter electrode, and a Ag/AgCl “no leak” reference electrode (Cypress Systems) 
was used for a reference electrode.  Potentials conversion from “vs. Ag/AgCl” to “vs. RHE” was 
completed  by sparging the electrolytes with H2 and measuring the open-circuit potential using a 
Pt disk working electrode and the same counter and reference as noted previously.  Cyclic 
voltammagrams were measured at room temperature in Ar or O2 saturated 0.1 M HClO4 (J.T. 
Baker, Ultrex II Ultrapure Reagent grade) or 0.1 M KOH (Sigma Aldrich, 99.99%) with a scan 
rate of 10 mV/sec.  A home-built LabVIEW (National Instruments) program was used to record 
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the in situ surface stress and electrochemical data. 
 
4.3 Results and Discussion 
Bulk Palladium and Platinum 
Figure 4.1a shows the cyclic voltammetry from a Pd cantilever in 0.1 M HClO4 under Ar 
and O2.  Under Ar, a reductive peak at approximately 0.8 V is seen and is attributed to the 
reduction of Pd oxide.  Under O2, the onset of reduction occurs at ca. 0.85 V which is due to 
oxygen reduction.  In order to avoid large irreversible stress (data not shown), potentially caused 
from the formation of Pd hydride, the H adsorption and reduction potential window, less than 0.4 
V, was avoided.
50,51
  During the course of electrochemical cycling, the in situ surface stress was 
measured for each Pd cantilever under both Ar and O2.  The results are shown in Figure 4.1b, 
showing a tensile stress profile similar to that reported with Pt cantilevers previously.
41
   
As shown in Figure 4.1c, electrodeposited Pt cantilevers in an acidic electrolyte 
demonstrate very similar direction and magnitude of stress difference compared to sputtered Pt 
cantilevers in previous reports.
41
  This indicates that the electrodeposited Pt is similar in surface 
composition and roughness as sputtered Pt.  Overall, this suggests that electrodeposition is a 
viable tool to obtain other Pt-based cantilevers for in situ stress studies.  Herein, electrodeposited 
Pt cantilevers will be utilized as a point of reference. 
Comparing Pt cantilevers to Pd cantilevers in an acidic electrolyte, Pd cantilevers 
demonstrate very little stress change due to O2 adsorption, indicated in Figure 4.1c.  
Interestingly, the addition of O2 to an acidic electrolyte yields, if anything, an increased tensile 
stress for most Pd cantilevers, indicating a slight surface contraction due to O2 adsorption.  This 
is different from the effect seen on Pt cantilevers, where O2 adsorption yielded a surface 
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expansion.   
In order to draw further comparisons, cyclic voltammetry and in situ surface stress 
measurements were also carried out in an alkaline electrolyte, 0.1 M KOH.  Figure 4.2a shows 
the cyclic voltammetry from a Pt cantilever in 0.1 M KOH under Ar and O2.  Under Ar, a 
reductive peak at ca. 0.8 V is seen and is attributed to Pt oxide reduction.  As the potential is 
swept more negative, several peaks are seen in the potential region of H adsorption and 
reduction, which are consistent to what has previously been reported in the literature.
10,19,43,52-54
  
Under O2, a current onset ca. 0.95 V is seen, due to O2 reduction.  The slope seen more negative 
of ca. 0.7 V was also demonstrated using a Pt gauze electrode that had been H2 flammed in the 
same in situ stress cell (not shown).   
The in situ surface stress of a Pt cantilever was also measured as a function of potential in 
an alkaline electrolyte, shown in Figure 4.2c.  As expected from the acidic counterpart, there is a 
tensile stress profile with potential dependence.  Also similar to Pt cantilevers seen in acidic 
electrolytes, O2 adsorption on Pt cantilevers in an alkaline electrolyte yields a lesser tensile 
stress.  This difference, shown in Figure 4.2e, indicates a surface expansion due to O2 adsorption.  
However, when compared to Pt cantilevers in acidic electrolytes, the surface expansion is of 
lesser magnitude.  This could be attributed to the presence of OH
-
.  In alkaline environments, Pt 
is initially hydroxylated suggesting that, initially, Pt is already somewhat expanded.  Since, ClO4
-
 
or Cl
-
 interacts less strongly with Pt than OH
-
, the expansion effect is much more pronounced in 
an acidic electrolyte than alkaline.
55,56
  Chloride could be present in trace amount from a solution 
of ClO4
-
.
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Adsorption and reduction of O2 on Pd cantilevers in an alkaline electrolyte was also 
studied and shown in Figure 4.2.  Under Ar, cyclic voltammetry, shown in Figure 4.2b, 
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demonstrates the expected Pd oxide reduction peak at ca. 0.75 V.  When O2 is present, the onset 
of reductive current is ca. 0.95 V which is attributed to O2 reduction.  It has previously been 
reported that Pd-based catalysts perform better in alkaline than acidic electrolytes.
8,18,57,58
  Along 
with cyclic voltammetry, the in situ surface stress was also recorded from a Pd cantilever in an 
alkaline electrolyte with and without O2 and is shown in Figure 4.2d.  As expected, the cantilever 
demonstrates tensile stress in an alkaline electrolyte with the same profile as its acidic 
counterpart.  Interestingly, the presence of O2 yields a surface expansion on Pd cantilevers 
similar to that shown with Pt cantilevers in alkaline electrolyte, in contrast to what was 
demonstrated with Pd in acidic electrolyte.  This is highlighted in Figure 4.2f.   
Based on the measured in situ surface stress response, Pd in an alkaline electrolyte 
expands due to O2 but in an acidic electrolyte it, if anything, contracts.  This could be due to the 
strong anion effect seen with Pd.
8,59
  Potentially, in the acidic electrolyte, the ClO4
-
 or Cl
-
 anions 
are interacting with and expanding the Pd surface.  Chloride could be present in trace amount 
from a solution of ClO4
-
.
56
  Perhaps the interpretation of a surface contraction of Pd in acid is due 
to the removal of ClO4
-
 or Cl
-
.  However, these anions could also block ORR active sites, 
allowing less O2 to adsorb, leading towards lesser measureable surface changes due to the 
adsorption of O2.
55
  In the alkaline electrolyte, only OH
-
 is present to interact with the Pd surface.  
Hydroxide interacts less strongly with Pd than ClO4
- 
or Cl
-
, which could be why Pd reduces O2 
better in alkaline electrolytes than acidic electrolytes.
55
  In alkaline electrolytes, O2 displaces OH
-
 
on the Pd surface, yielding a surface expansion.  The bulky nature of ClO4
-
 might also be an 
explanation for why a contraction is seen when O2 displaces ClO4
-
 on the Pd surface in acidic 
electrolytes.   
As discussed previously, the anion effect seen with Pd is also seen with Pt.  To compare 
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in the presence of ClO4
-
 and Cl
-
 on Pt and Pd, it is important to note that the Pt-Cl interaction is 
weak and does not affect the ORR mechanism.
55
  In contrast, the Pd-Cl interaction is strong.  
Utilizing a rotating-ring disk electrode, it has been demonstrated that more H2O2 intermediate is 
formed with Pd than Pt in a HClO4 electrolyte.
55
  This is thought to be due to the decreased 
availability of active sites on Pd for breaking the O-O bond.  With decreased active site 
availability, this may be why a minimal compression is seen due to O2 adsorption and reduction 
on Pd.  While on Pt, where active sites are readily available, the same effect is heightened and a 
surface expansion is measured.  Also, as this is a dynamic system with ClO4
-
 and Cl
-
 anions 
being removed and O2 being adsorbed simultaneously on Pd, the adsorption processes may be 
too quick to be monitored with the current system, yielding only a minor contraction due to O2. 
Previously, it was reported that Pt cantilevers in acidic electrolytes demonstrate a surface 
expansion of similar magnitude to what is reported herein.  This expansion was correlated with 
EXAFS data to demonstrate at Pt-Pt bond expansion on the magnitude of 5 to 10 mÅ.  Using this 
as starting point, it is likely that in alkaline electrolyte, where the change in stress is roughly half 
of that seen in acidic electrolytes, the Pt-Pt bond expansion is roughly half of what is seen in 
acid, roughly 2 to 5 mÅ.  Currently, Yeyoung Ha, of Andrew Gewirth’s Group at the University 
of Illinois at Urbana-Champaign, is completing DFT computational studies in collaboration with 
Jeff Greeley’s Group at Purdue University in order to strengthen the understanding of the Pt and 
Pd surfaces in alkaline and acidic electrolytes.   
 
Platinum Alloys 
Over the past decade, much attention has been given to studying Pt alloy electrocatalysts 
for the ORR since they have been demonstrated to have enhanced ORR activity over pure Pt.  
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However, there is no consensus as to the source of this enhanced activity as discussed 
previously.  In order to supply additional information about these materials, in situ 
electrochemical surface stress measurements were completed.  This technique could give insight 
in to the dynamics of O2 adsorption on to the various systems as will be discussed herein. 
Pt cantilevers and Pt alloy cantilevers, more specifically Pt3Ni and Pt3Co, were 
electrodeposited as in the literature.
42,43
  The composition of the cantilevers was verified using 
X-ray photoelectron spectroscopy (XPS) and inductively coupled plasma-optical emission 
spectroscopy (ICP-OES) (data not shown).  Resulting cyclic voltammetry in an acidic electrolyte 
is shown in Figure 4.3.  Figure 4.3a shows the voltammetry under Ar.  The oxide reduction peak 
is centered at ca. 0.85 V.   In the hydrogen adsorption region, less than 0.4 V, both Pt alloy 
cantilevers demonstrate increased currents over Pt cantilevers.  This could indicate a higher 
surface area for Pt alloy cantilevers than Pt cantilevers.  It could also be due to changed activity 
towards they hydrogen evolution reaction due to Ni or Co.  Cyclic voltammetry when the 
electrolyte was saturated with O2, shown in Figure 4.3b, shows a reduction onset ca. 0.95 V is 
seen for all cantilevers due to the ORR.  As shown, all of the cantilevers demonstrate very 
similar ORR activity despite what has been reported in literature.
43
  This is most likely due to the 
cantilevers being held stationary, as most reports of ORR activity are from rotating disk 
electrode experiments. 
The in situ surface stress was also measured as a function of potential under both Ar and 
O2.  All cantilevers demonstrated a tensile stress profile similar to all measurements shown 
herein.  To study the effect of O2 adsorption on these cantilevers, differences were taken between 
Ar and O2 and are reported in Figure 4.3c.  As shown, both Pt alloy cantilevers demonstrate an 
increased expansion compared to Pt cantilevers in an acidic electrolyte.  There could be many 
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reasons for this heightened expansion, as discussed previously.  The most likely reason, in an 
acidic electrolyte, is an increased surface area caused by Ni and Co dissolution, resulting in a Pt 
skeleton structure.
19,24,31,36
  In order to hinder secondary metal dissolution, the Pt3Ni cantilever 
system was also studied in an alkaline electrolyte. 
Figure 4.4 shows the cyclic voltammetry and in situ surface stress measurement from 
Pt3Ni cantilevers in an alkaline electrolyte.  Under Ar, cyclic voltammetry, shown in Figure 4.4a, 
reveals an oxide reduction peak at ca. 0.4 V is seen.  This may be due to a combination of 
reduction of various Pt oxide and Ni oxide species on the cantilever surface, similar to what is 
seen with PtCo alloys in alkaline electrolytes.
52
  When the electrolyte is saturated with O2, 
reductive ORR current is seen at ca. 0.9 V.  Figure 4.4b shows the resulting in situ surface stress 
measurement.  The stress profile differs from that seen previously with all cantilevers in alkaline 
electrolytes, where the cantilevers demonstrate tensile stress profiles related to Pt oxide reduction 
and O2 adsorption.  The change in stress as a function of potential between 1.1 V and 0.5 V has 
recently been shown to be due to the conversion between a β-Ni(OH)2 and α-Ni(OH)2.
60
  With 
the denser β-Ni(OH)2 primarily at 1.1 V, the surface becomes less tensile during the conversion 
to α-Ni(OH)2.  With Pt3Ni cantilevers in alkaline electrolytes, a tensile stress profile, similar to Pt 
cantilevers, is not seen until after the aforementioned reduction peak at ca. 0.4 V.   
Figure 4.4c shows the average difference in stress, between Ar and O2 saturated 
electrolytes, from Pt3Ni cantilevers in an alkaline electrolyte compared to Pt3Ni cantilevers in 
alkaline and Pt in both acidic and alkaline electrolytes.  Interestingly, in an alkaline electrolyte, 
Pt3Ni cantilever surfaces contract until ca. 0.5 V, after which they expand.  It is evident that after 
the reduction centered at ca. 0.4 V, the cantilevers return to a Pt-like expansion indicating O2 
adsorption on Pt sites.  The contraction initially seen could be the result of several phenomena.  
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First, this could be due to an anion effect with the oxophillic Ni.  Hydroxide anions interact 
strongly with Ni atoms, oxidizing them to Ni(OH)2 immediately, which could cause electronic 
repulsion on the Pt3Ni surface.
61
  In an O2 saturated electrolyte, O2 can displace some of the 
surface OH
-
, causing the surface to contract.  As discussed previously, in the region of cantilever 
contraction between 0.5 V and 1.1 V, there is a conversion between β-Ni(OH)2 and α-Ni(OH)2.  
The presence of adsorbed O2 could shift the mechanism of this conversion resulting in the 
contraction.  Lastly, the contraction seen could be the result of a dynamic system with O2 
adsorption on Pt and Ni, Ni restructuring, and OH
-
 adsorption and removal all occurring 
simultaneously.  
 
4.4 Conclusions and Future Directions 
In summary, in situ surface stress measurements have been used to interrogate the 
dynamics of O2 adsorption during the ORR.  It was shown that Pt surfaces expand due to O2 
adsorption in both acidic and alkaline electrolytes, however with a lesser magnitude in alkaline 
due to adsorbed OH
-
.  Pd cantilevers were also studied and showed a similar expansion in an 
alkaline electrolyte to Pt.  However, in an acidic electrolyte, the strong anion effect seen with Pd 
dominates and results in both a lesser effect of adsorbed O2 and a worse ORR activity than the 
other systems.  Future work for both Pt and Pd systems presented herein involves utilizing 
computational understandings in order to correlate the Pt-Pt and Pd-Pd bond expansion due to 
adsorbed O2 to the surface expansion and compression profiles demonstrated. 
Pt alloys were also probed, resulting in an increased surface expansion due to O2 
adsorption in an acidic electrolyte.  To further elucidate the cause of the heightened expansion, 
the alloys were also studied in an alkaline electrolyte, revealing an expansion of greater 
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magnitude of Pt in an alkaline electrolyte.  This demonstrates that the expansion found with Pt 
alloy cantilevers in an acidic electrolyte is not strictly due to an increased Pt surface area.  Future 
work for Pt alloy materials could involve studying different film morphologies, such as a Pt skin.  
It has been shown that by annealing the Pt skeleton structure, a smooth Pt monolayer is formed 
on top of the Pt alloy, called a Pt skin.
19,21,24
  Pt skin catalysts demonstrate the highest ORR 
activity over Pt skeleton and bulk Pt catalysts.
19,21,23,24
  Since this structure is considered “stable,” 
and minimizes geometric effects when comparing to pure Pt, the ORR activity of Pt skin 
structures could better correlate to the measured and calculated electronic properties.  However, 
with very high annealing temperatures, cantilever deformation is highly probable, which would 
result in meaningless stress results.  Developing a new procedure for thermal annealing the glass 
cantilevers could allow for more systems to be studied.  
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4.5 Figures 
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Figure 4.1  (a) Cyclic voltammetry, at 10 mV/sec, from a Pd cantilever in 0.1 M HClO4 
saturated with Ar (black) and O2 (red).  (b) Corresponding in situ surface stress, normalized to 0 
at 1.2 V vs. RHE.  (c) Average in situ surface stress difference (O2 stress minus Ar stress) for Pd 
cantilevers (blue) and Pt cantilevers (green) in 0.1 M HClO4.    
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Figure 4.2  (a,b) Cyclic voltammetry, at 10 mV/sec, of Pt cantilevers (a) and Pd cantilevers (b) 
in 0.1 M KOH saturated with Ar (black) and O2 (red).  (c,d) Corresponding in situ surface stress 
from Pt cantilevers (c) and Pd cantilevers (d) in 0.1 M KOH saturated with Ar (black) and O2 
(red).  (e,f) Average in situ surface stress difference (O2 stress minus Ar stress) for Pt cantilevers 
(e) and Pd cantilevers (f) in 0.1 M HClO4 (blue) and 0.1 M KOH (green). 
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Figure 4.3  (a,b) Cyclic voltammetry, at 10 mV/sec, of Pt (red), Pt3Ni (blue), and Pt3Co (green) 
cantilevers in 0.1 M HClO4 saturated with Ar (a) and O2 (b).  (c) Average in situ surface stress 
difference (O2 stress minus Ar stress) for Pt (red), Pt3Ni (blue), and Pt3Co (green) cantilevers in 
0.1 M HClO4. 
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Figure 4.4  (a) Cyclic voltammetry, at 10 mV/sec, from a Pt3Ni cantilever in 0.1 M KOH 
saturated with Ar (black) and O2 (red).  (b) Corresponding in situ surface stress, normalized to 0 
at 1.2 V vs RHE.  (c) Average in situ surface stress differences (O2 stress minus Ar stress) for Pt 
cantilevers in 0.1 M HClO4 (black) and 0.1 M KOH (red) and Pt3Ni cantilevers in 0.1 M HClO4 
(blue) and 0.1 M KOH (green). 
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Appendix 
 
Interrogation of the Oxygen Reduction Reaction on Fe Macrocycles  
Supported on Graphene via Raman Spectroscopy  
 
A.1 Introduction 
 Since the discovery that cobalt phthalocyanine catalyzed the oxygen reduction reaction 
(ORR) in 1964, much attention has been given to studying non-precious metal-based 
macrocycles, such as porphyrins (Por) or phthalocyanines (Pc), as ORR electrocatalysts.
1,2
  This 
is in part due to their low cost and moderate ORR activity compared to Pt.
3
  Typically these 
electrocatalysts are fabricated by supporting a metal and nitrogen-based precursor, such as CoPc, 
on a high surface area carbon, such as Vulcan XC-72.  Interestingly, the ORR activity of various 
macrocycles can be altered by changing the metal center (e.g. from Co to Fe) or by modifying 
the macrocycle ring (e.g. adding various functional groups or increasing nitrogen content).
4-18
 
Pyrolysis of these materials, or heat treating them above 800 °C, can yield increased 
ORR activity.
3,5,19-24
  Utilizing small molecule probes, such as CN
-
, CO, and N3
-
, has led towards 
some insight that the activity of these materials is somewhat metal-centered.
25-28
  However, 
despite the numerous studies, there is still a lack of fundamental understanding of the source of 
the ORR activity in these materials, i.e. metal centered or N-C-based ORR activity.
7,9,29-35
  
Despite this evidence, some believe that the ORR activity on these materials is based on N and C 
centers, instead of the transition metal, and numerous “metal” free ORR electrocatalysts have 
been developed.
28,36-39
  However, there is still a heightened debate over the ORR active site, 
leading towards primarily trial-and-error based studies. 
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 In situ Raman spectroscopy is a powerful technique that has been utilized to study other 
electrochemical systems, such as CO2 electroreduction and ORR on metal surfaces.
40-47
  Raman 
spectroscopy is also very common for characterizing various macrocyclic compounds.
48-55
  ORR 
catalysts have also been probed utilizing Raman spectroscopy.
46,56
  However, in these studies, the 
electrocatalysts are typically adsorbed on a metal electrode, such as Au or Ag, instead of a 
carbon support.  Studying ORR electrocatalysts on a carbon support via Raman spectroscopy 
could give stronger information as to the ORR active site and mechanism for practical catalysts.  
Also, the presence of a carbon support would allow an easier transition from a macrocycle 
catalyst system to a pyrolyzed Fe or Co-N/C catalyst system, where the ORR active site is much 
more controversial, as discussed previously. 
Various studies have utilized graphene and graphene-related supports for ORR 
applications yielding high activities, in part due to high surface area.
36,38,47,57-62
  Graphene is a 
single layer of sp
2
 hybridized carbon, making it highly intriguing as both a high surface area and 
an optically transparent support.
63-65
  Utilizing a graphene support, enhanced Raman signals have 
been measured, although the enhancement is not well understood.
66-68
  With both high activity 
and optical transparency, graphene shows high promise to be utilized as a carbon-support that 
will allow the ORR on various macrocyclic and pyrolyzed materials to be interrogated via 
spectroscopic methods.   
In this appendix, graphene supported on Cu (Gr/Cu), grown via chemical vapor 
deposition, is utilized as support for various ORR active porphyrinic and phthalocyanine-based 
materials, such as CoPc and Fe tetraphenylporphyrin (FeTPP).  The mechanism of the ORR on 
FeTPP on Gr/Cu (FeTPP/Gr/Cu) can then be analyzed using in situ Raman spectroscopy.  
Graphene can also be transferred to other substrates, such as Au, which is utilized as well.  
79 
 
Herein, an optically transparent alternative to graphene, heat treated melamine, is also explored 
as a catalyst support system.  Under mild heat treatment conditions, melamine is known to 
arrange in a hexagonal or close packed structure on Au(111), yielding a carbon and nitrogen 
coated surface.
69
  This was thought to provide both an optically transparent surface, for 
spectroscopic applications, and high surface area, for catalyst adsorption. 
 
A.2 Experimental 
Graphene Growth on Cu via Chemical Vapor Deposition and Transfer to Au: 
 Graphene was grown on Cu (Gr/Cu) via chemical vapor deposition (CVD) by Joshua 
Wood in the Lyding Group at the University of Illinois at Urbana-Champaign utilizing an 
Atomate CVD system for graphene growth.  Briefly, Cu foil (Alfa Aesar) was annealed at 1000 
°C under Ar and H2 for 1 hour.  Graphene was then grown at 1000 °C with CH4 and H2 gases 
flowing at predetermined rates.
70
  The foil was then allowed to cool to room temperature at a rate 
of approximately 20 °C/min with Ar and H2 flowing.  Once the sample was removed, it was 
stored under vacuum in a dry box until processed for testing.  Using a Renishaw Raman 
microscope, Raman spectroscopy was utilized to determine the surface composition, i.e. 
graphitization and defects, by analyzing the D (~1350 cm
-1
), G (~1590 cm
-1
) and 2D (~2700 cm
-
1
) bands.
65,71,72
  Low-defect Gr/Cu was primarily grown and utilized in the following 
experiments. 
Graphene was also transferred via physical processing to Au, referred to as Gr/Au.  
Briefly, this procedure was completed by supporting a lower molecular weight polymer, 49,500 
g/mol poly(methylmethacrylate) (PMMA) on the graphene side of Gr/Cu.  The polymer was then 
thermally crosslinked, effectively removing solvent at the same time, at 200 °C.  This process 
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was repeated using a higher molecular weight, 950,000 g/mol, PMMA.  This procedure protects 
the graphene growth on one side of the Cu foil.  The system was then exposed to an O2 plasma, 
which removes graphene from the unprotected side of the Cu foil leaving PMMA on Gr/Cu.  
This system was then put in a small volume of Cu etch solution and allowed to sit overnight.  
The solution was then diluted with H2O at a slow enough rate as to not fold the graphene on 
PMMA (Gr/PMMA).  The Gr/PMMA was then physisorbed to a clean glass slide and transferred 
to H2O.  The Gr/PMMA was then transferred to a solution of 20:1:1 of H2O:H2O2:HCl in order 
to remove any residual Cu.  The PMMA/Gr was further rinsed by transferring to another H2O 
bath.  The PMMA/Gr was then transferred to Au, which was then further dried by heating at 60 
°C and then at 150 °C for 10 minutes.  Au disks used were 1 cm in diameter.  PMMA was then 
removed from the graphene by soaking in a chloroform bath overnight.  After preparation, both 
graphene on Cu (Gr/Cu) and graphene on Au (Gr/Au) was stored under vacuum in a chamber 
containing drierite to insure the Cu did not oxidize and graphene did not delaminate. 
   
Heat Treatment of Melamine on Au: 
 Melamine was heat treated on Au disks, 1 cm diameter, in a homebuilt tube furnace.  
Briefly, Ar was flowed in the sealed furnace at a rate of 1200 mL/min for 10 min.  The flow rate 
was then lowered to 50 mL/min and H2 was flowed at 50 mL/min.  The furnace then heated to 
400 °C and was held for 20 min, after which it was allowed to cool to room temperature under 
flowing Ar and H2.  The sample was then stored on the benchtop until used the next day.  This 
will be referred to as Mel/Au. 
 
Electrochemical Characterization and in Situ Raman Spectroscopy 
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A CHI760 potentiostat (CH Instruments) was used for all electrochemical experiments.  
A Ag/AgCl “no leak” reference electrode (Cypress Systems) was used for all experiments.  All 
potentials herein are reported referenced to Ag/AgCl.  For SERS measurements, a Pt wire 
counter electrode was used as the counter electrode.  For other electrochemical experiments, a Pt 
gauze counter electrode was used.  The electrolyte used was 0.05 M H2SO4 in 18.2 MΩ milli-Q 
water (Millipore Inc.) that had been sparged with Ar or O2, as noted, for approximately 30 min 
before testing. 
Gr/Cu working electrodes were cut to approximately 1 cm in diameter before supporting 
the various catalysts and being assembled in the spectroelectrochemical cell previously 
described.
73
  Electrocatalytic compounds were supported on Gr/Cu, Gr/Au, and PyroMel/Au by 
dropcasting 20 μL of a solution consisting of approximately 20 mg of the compound in 15 mL of 
acetone or isopropanol, depending on solubility.  The surface was then dried and rinsed by 
dipping in milli-Q water to remove excess catalyst that had not been physisorbed, to the surface.  
Catalysts used were 5,10,15,20-tetraphenyl-21H,23H-porphine Fe (III) chloride (FeTPP) (Sigma-
Aldrich), 5,10,15,20-tetrakis(4-methoxyphenyl)-21H,23H-porphine Fe (III) chloride (FeTMPP) 
(Sigma Aldrich), Co (II) phthalocyanine (CoPc) (Strem Chemicals), Fe (II) phthalocyanine 
(FePc) (Sigma Aldrich), and meso-tetraphenylprophine (TPP) (Sigma Aldrich). 
 In situ SERS measurements were carried out in a spectroelectrochemical cell previously 
described.
73
    A 531.9 nm laser (B&W Tek) or a 632.8 nm laser (Meredith Instruments) was 
used to excite the sample at an approximate 45° incident angle.  Scattered radiation was collected 
using an f/1.2 collection lens (Canon) and focused to the 50 µm slit of a SpectraPro 2300i 
monochromator (Princeton Instruments).  Using a grating with 1200 grooves/mm, the radiation 
was dispersed onto a CCD detector (Andor) that was cooled to -60 °C.  Acquisition times for the 
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spectra reported ranged from 10 to 30 s. 
   
A.3 Results and Discussion 
Electrocatalysts Supported on Gr/Cu: 
Figure A.1 shows the cyclic voltammetry from the various Gr/Cu supported catalysts.  
Under Ar, as shown in black, little current is measured.  Once O2 is introduced to the electrolyte, 
the ORR occurs, as shown in the various color plots.  For porphyrinic material, such as FeTPP, 
the ORR onset is approximately -0.3 V.  However, for phthalocyanine-based materials, such as 
CoPc, the ORR onset cannot be measured due to oxidation of the Cu support.  Despite having a 
uniform coating initially, it is believed that during the processing procedure, small holes and 
cracks develop throughout the graphene film.  This leads to exposed Cu and the possibility for 
dissolution.  In order to avoid this issue, potentials positive of -0.2 V were avoided.  Also, the 
processing procedure of flattening the support could lead towards non-uniform electrochemical 
behavior, i.e. rougher films that were not able to be smoothed would result in higher current 
densities achieved.  This makes it difficult to compare one system’s ORR activity over another.  
However, it is most important that under O2 the system’s electrochemical behavior is different 
than that under Ar. 
In order to investigate the ORR on these various catalytic systems, in situ Raman 
spectroscopy was utilized.  Figure A.2 shows the resulting Raman spectra from the FeTPP 
system under Ar.  As the system was cycled from -0.2 V to -0.6 V, spectra were collected at 0.1 
V increments for 30 seconds.  All peaks shown in Figure A.2(a,b) are peaks found from FeTPP 
both in literature and ex situ (not shown).
48
  Throughout the entire spectral window, no changes 
occur as a function of potential.  This is highlighted in a significant window of interest in Figure 
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A.2c. 
When O2 is present in the electrolyte, it was expected that the FeTPP system would 
evince different or changing Raman bands due to O2 binding and reduction.  Since current 
studies of the ORR on Fe macrocyclic catalysts indicate a metal-centered active site, it was 
expected, when O2 is adsorbed or near the surface, to be able to detect Fe-O, in the region of 
approximately 500-570 cm
-1
, O2
-
, in the region of approximately 1000-1200 cm
-1
, or even pure 
O2, approximately 1580 cm
-1
.
25-27,46,48,54,74
  Figure A.3 shows the in situ Raman spectra, collected 
for 30 seconds at 0.1 V increments, during the course of the ORR, from -0.2 V to -0.6 V, on 
FeTPP/Gr/Cu.  As shown in Figure A.3a,b, very few changes are measured.  The major change is 
highlighted in Figure A.3c.  As the potential is changed from -0.2 V to -0.6 V, a band at 
approximately 1610 cm
-1
 increases in intensity.  Interestingly, as the potential is returned to -0.2 
V, the band at 1610 cm
-1
 decreases in intensity suggesting that the species desorbs from the 
catalyst surface.  This band also appears to shift from ca. 1580 cm
-1
 at -0.2 V to ca. 1610 cm
-1
 at 
-0.6 V, potentially being due to pure O2, the formation of some oxo-FeTPP species, or the 
formation of a N-O bond, from a Fe-N-O species .
48,75,76
  The band shift detected was initially 
thought to be due to O2 adsorption or binding, as previously discussed in literature relating to Fe 
Por and O2 adducts.
77
  Koutecky-Levich analysis (not shown) revealed that ca. 3.5 electrons were 
transferred at all potentials of the ORR, indicating that some peroxide might be formed.  Also, it 
is important to highlight that, via Koutecky-Levich analysis, more electrons are transferred when 
an electrocatalyst is present on the Gr/Cu surface than when only using Gr/Cu.  This indicates 
that the ORR activity is due to the electrocatalyst and not just the graphene support, as carbon 
supports are known to reduce O2 via two electrons to H2O2.   
To elicit if this response could be seen with other ORR active materials, in situ Raman 
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spectroscopy was also utilized to study FeTMPP/Gr/Cu, CoPc/Gr/Cu, and FePc/Gr/Cu.  Under 
Ar (not shown), the Raman spectra do not change as a function of potential and the majority of 
the Raman bands evinced are due to the macrocycle compound.
46,48,54,74,78,79
  When the 
electrolyte is saturated with O2, various responses are seen depending on the catalyst used. The 
spectral window that demonstrates the largest change, i.e. from 1400 to 1700 cm
-1
, is shown in 
Figure A.4 for each of the catalysts.  Shown in Figure A.4a, a similar catalyst to FeTPP, 
FeTMPP evinces a similar band at approximately 1605 cm
-1
.  However, as shown in Figure 
A.4b,c, the phthalocyanine-based catalysts, CoPc/Gr/Cu and FePc/Gr/Cu, evince only a minor 
change, if anything.  This could possibly be due to the consistent “on” state of the system since 
the system cannot be brought to potentials positive of -0.2 V, which is well below the onset of 
the ORR on these systems as shown in Figure A.1.  In order to determine if the response elicited 
from FeTPP/Gr/Cu and FeTMPP/Gr/Cu was due to the porphyrinic backbone, TPP/Gr/Cu was 
also studied.  As expected, this material does not demonstrate any potential dependent Raman 
bands under Ar or O2.  For comparison, the in situ spectra under O2 are shown in Figure A.4d. 
 
Electrocatalysts Supported on Gr/Au: 
Since CoPc and FePc electrocatalysts are known to have superior ORR activity to their 
porphyrinic counterparts, an electrochemically inert substrate was needed in order to access 
potentials close to the ORR onset of these systems.  In order to minimize deformation, cracks, 
and trapped solvent, graphene growth on Au was attempted.  However, the growth was not 
successful.  Graphene transfer from Cu to Au was utilized to fabricate Gr/Au supports.  FePc was 
then supported on the Gr/Au, identically to the preparation of FePc/Gr/Cu.  CoPc was also 
utilized, demonstrated similar results to FePc, and will not be discussed directly.  Figure A.5a 
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shows the resulting cyclic voltammetry from FePc/Gr/Au under both Ar and O2.  As shown, the 
FePc/Gr/Au was able to be cycled above the ORR onset, to a potential of 0.2 V.  Figure A.5 also 
shows the potential dependent in situ Raman spectra from FePc/Gr/Au under Ar (b) and O2 (c).  
Under Ar, very intense bands related to FePc are evinced.
56,68,78
  No changes in the Raman 
spectra are detected as the system was cycled from 0.2 V to -0.2 V.  After O2 was introduced and 
saturated in the electrolyte, the potential dependent in situ Raman spectra were measured and are 
shown in Figure A.5c.  During electrochemical cycling, no changes are detected throughout the 
entire spectral window and bands related to the FePc structure remain unaltered. 
Despite the lack of response due to O2 adsorption and reduction, this system gave initial 
insight to the possibility that Raman spectroscopy could be used to interrogate macrocyclic 
catalysts.  Due to the dynamic adsorption and reduction of O2 in the potential window analyzed, 
it is possible that there was not enough catalytically active material in the same ORR state.  One 
way to increase the Raman response could be to increase the amount of FePc on the surface, 
potentially by increasing the number of available adsorption sites by utilizing a N-C-based 
support.  Also, the lack of a detectable response could be due to the defected nature of Gr/Au.  
Despite the uniformity and defect-free nature of Gr/Cu, during the transfer procedure cracks and 
overlapping sheets develop (SEM images not shown).  This can lead towards trapped solvent and 
incomplete surface coverage, resulting in a loss of adsorption sites on the Gr/Au surface.  In 
order to circumvent these challenges, a more uniform, optically transparent support was 
developed via the heat treatment of melamine. 
 
Electrocatalysts Supported on Mel/Au 
To attempt to develop a different system, with more uniformity and potentially added 
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adsorption sites, an optically transparent melamine-based support was utilized.  With minor heat 
treatment, melamine has been shown to arrange in both hexagonal and close-packed structures 
on Au(111).
69
  Having N in the support was thought to potentially provide additional adsorption 
sites for Por and Pc electrocatalysts.  Also, increasing the N content may lead towards enhanced 
ORR activity through electron donation from N to the metal center.  Figure A.6 shows the 
resulting in situ Raman spectra and electrochemistry from CoPc/mel/Au under Ar (a,b) and O2 
(c,d).  Under Ar, no changes are detected in the Raman spectra, shown in Figure A.6a,b.  When 
the electrolyte is saturated with O2, the in situ Raman spectra don’t evince any changes with 
potential, shown in Figure A.6c,d.  The spectra under O2 and Ar are nearly identical, with only 
minor differences in intensity.  Despite having ORR activity and having the capability of turning 
the system “off” with respect to the ORR, shown in Figure A.6e, this system was not able to 
provide insight in to the ORR mechanism or active site of CoPc or FePc.  Based on these 
findings, further studies were not attempted using the mel/Au system. 
 
A.4 Conclusions  
 Herein, the potential of several optically transparent systems as ORR electrocatalyst 
supports have been explored and discussed.  Por and Pc based materials on Gr/Cu were shown to 
have ORR activity.  However, in situ Raman spectra collected during the course of the ORR 
reveal no detectable change due to O2 adsorption and reduction.  The largest difference was seen 
with FeTPP/Gr/Cu, where a Raman band at approximately 1610 cm
-1
 was evinced at negative 
potentials and was not discernable at higher potentials.  For ORR macrocycles with high ORR 
activity, the lack of a Raman response due to the ORR was thought to be due to the persistent 
“on” state of the catalyst, never reaching potentials higher than the ORR onset during O2 
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reduction.   
Switching from Cu to Au allowed for these potentials to be accessed.  Both FePc/Gr/Au 
and CoPc/Gr/Au demonstrated similar ORR activity but did not evince any changes during in 
situ Raman cycling due to the ORR. Another system was developed utilizing heat treated 
melamine on Au.  This system was proven to be a viable support for ORR catalysts.  However, 
similar to Gr/Au, ORR electrocatalysts supported on mel/Au were ORR active but did not 
demonstrate any ORR dependence in the measured in situ Raman spectra.  It is evident from the 
systems tried, despite the intriguing nature and seemingly limitless possibilities, that a stationary 
melamine or graphene-based system, such as those discussed herein, is not an appropriate system 
for probing the ORR on various non-precious metal macrocycle electrocatalysts. 
During the final studies discussed in this appendix, a similar study was published 
utilizing a rotating disk electrode (RDE) and in situ surface enhanced resonance Raman 
spectroscopy (SERRS) system.
80
  By combining these two techniques, SERRS-RDE, the authors 
claim to gain insight in to the ORR on various Fe macrocycle catalysts, such as FeTPP.  Using 
the combination SERRS-RDE setup has distinct advantages of minimizing transfer limitations.  
Potentially with the system presented herein, the effect of O2 is minimal since only O2 near the 
electrode surface is being bound and reduced.  However, utilizing an RDE could maximize the 
amount of O2 at the electrode surface, thus maximizing the SERRS effect detected.  However, by 
drawing conclusions from calculated difference spectra (subtracting Ar and O2 SERR spectra) 
during rotation could also lead towards variable results, especially if catalyst dispersion is not 
uniform. 
Overall, the further development in both catalyst support and measurement systems is 
needed in order to fully characterize the ORR on metal centered macrocycle catalysts.  Perhaps 
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by utilizing a highly graphitic graphene support and a SERRS-RDE-like technique, the ORR 
active site, intermediates, and mechanism can be interrogated on both macrocycle and pyrolyzed 
ORR electrocatalysts.    
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A.5 Figures 
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Figure A.1  Cyclic voltammetry of various Gr/Cu supported catalysts in the in situ 
spectrochemical cell at 10 mV/s under Ar (black) and O2 (colored).  All catalysts demonstrate 
similar voltammetry under Ar. 
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Figure A.2  In situ Raman spectra from FeTPP/Gr/Cu under Ar in the lower (a) and upper (b) 
regions.  Potential dependent in situ Raman spectra from FeTPP/Gr/Cu under Ar is shown in (c). 
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Figure A.3  Potential dependent in situ Raman spectra from FeTPP/Gr/Cu under O2 in the lower 
(a) and upper (b) regions.  Potential dependent in situ Raman spectra from FeTPP/Gr/Cu under 
O2 in region of highest change (c). 
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Figure A.4  Potential dependent in situ Raman spectra from FeTMPP/Gr/Cu (a), CoPc/Gr/Cu 
(b), FePc/Gr/Cu (c), and TPP/Gr/Cu (d) under O2. 
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Figure A.5  Cyclic voltammetry (a) at 10 mV/s of FePc/Gr/Au under Ar (black) and O2 (red).  
Potential dependent in situ Raman spectra from FePc/Gr/Au under Ar (b) and O2 (c). 
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Figure A.6  Potential dependent in situ Raman spectra from CoPc/PyroMel/Au under Ar (a,b) 
and under O2 (c,d).  Cyclic voltammetry (e) of CoPc/PyroMel/Au at 10 mV/s under Ar (black) 
and O2 (red).  
95 
 
A.6 References 
(1) Jasinski, R. J. Nature 1964, 201, 1212. 
(2) Jasinski, R. J. Journal of the Electrochemical Society 1965, 112, 526  
(3) Gewirth, A. A.; Thorum, M. S. Inorganic Chemistry 2010, 49, 3557. 
(4) Baranton, S.; Coutanceau, C.; Roux, C.; Hahn, F.; Leger, J. M. Journal of 
Electroanalytical Chemistry 2005, 577, 223. 
(5) Chen, Z.; Higgins, D.; Yu, A.; Zhang, L.; Zhang, J. Energy & Environmental 
Science 2011, 4, 3167. 
(6) Zagal, J. H. Coordination Chemistry Reviews 1992, 119, 89. 
(7) Van, V. J. A. R.; Visser, C. Electrochimica Acta 1979, 24, 921. 
(8) Zagal, J.; Bindra, P.; Yeager, E. Journal of the Electrochemical Society 1980, 
127, 1506. 
(9) Yeager, E. Electrochimica Acta 1984, 29, 1527. 
(10) Wiesener, K. Electrochimica Acta 1986, 31, 1073. 
(11) Wiesener, K.; Ohms, D.; Neumann, V.; Franke, R. Materials Chemistry and 
Physics 1989, 22, 457. 
(12) Shi, Z.; Zhang, J. Journal of Physical Chemistry C 2007, 111, 7084. 
(13) Baker, R.; Wilkinson, D. P.; Zhang, J. Electrochimica Acta 2008, 53, 6906. 
(14) Steiger, B.; Anson, F. C. Inorganic Chemistry 1997, 36, 4138. 
(15) Ouyang, J. B.; Shigehara, K.; Yamada, A.; Anson, F. C. Journal of 
Electroanalytical Chemistry 1991, 297, 489. 
(16) Song, E. H.; Shi, C. N.; Anson, F. C. Langmuir 1998, 14, 4315. 
(17) Cardenas-Jiron, G. I. Journal of Physical Chemistry A 2002, 106, 3202. 
96 
 
(18) Li, W.; Yu, A.; Higgins, D. C.; Llanos, B. G.; Chen, Z. Journal of the American 
Chemical Society 2010, 132, 17056. 
(19) Scherson, D. A.; Gupta, S. L.; Fierro, C.; Yeager, E. B.; Kordesch, M. E.; 
Eldridge, J.; Hoffman, R. W.; Blue, J. Electrochimica Acta 1983, 28, 1205. 
(20) Bezerra, C. W. B.; Zhang, L.; Lee, K.; Liu, H.; Marques, A. L. B.; Marques, E. P.; 
Wang, H.; Zhang, J. Electrochimica Acta 2008, 53, 4937. 
(21) Bezerra, C. W. B.; Zhang, L.; Liu, H.; Lee, K.; Marques, A. L. B.; Marques, E. P.; 
Wang, H.; Zhang, J. Journal of Power Sources 2007, 173, 891. 
(22) Ladouceur, M.; Lalande, G.; Guay, D.; Dodelet, J. P.; Dignard-Bailey, L.; 
Trudeau, M. L.; Schulz, R. Journal of the Electrochemical Society 1993, 140, 
1974. 
(23) Medard, C.; Lefevre, M.; Dodelet, J. P.; Jaouen, F.; Lindbergh, G. Electrochimica 
Acta 2006, 51, 3202. 
(24) Jaouen, F.; Dodelet, J.-P. Journal of Physical Chemistry C 2009, 113, 15422. 
(25) Oberst, J. L.; Thorum, M. S.; Gewirth, A. A. Journal of Physical Chemistry C 
2012, 116, 25257. 
(26) Thorum, M. S.; Hankett, J. M.; Gewirth, A. A. Journal of Physical Chemistry 
Letters 2011, 2, 295. 
(27) Birry, L.; Zagal, J. H.; Dodelet, J.-P. Electrochemistry Communications 2010, 12, 
628. 
(28) von Deak, D.; Singh, D.; King, J. C.; Ozkan, U. S. Applied Catalysis B-
Environmental 2012, 113, 126. 
(29) Bouwkamp-Wijnoltz, A. L.; Visscher, W.; van Veen, J. A. R.; Boellaard, E.; van 
97 
 
der Kraan, A. M.; Tang, S. C. Journal of Physical Chemistry B 2002, 106, 12993. 
(30) Maldonado, S.; Stevenson, K. J. Journal of Physical Chemistry B 2004, 108, 
11375. 
(31) Gojkovic, S. L.; Gupta, S.; Savinell, R. F. Journal of Electroanalytical Chemistry 
1999, 462, 63. 
(32) Maldonado, S.; Stevenson, K. J. Journal of Physical Chemistry B 2005, 109, 
4707. 
(33) Matter, P. H.; Zhang, L.; Ozkan, U. S. Journal of Catalysis 2006, 239, 83. 
(34) Wiesener, K. Electrochimica Acta 1986, 31, 1073. 
(35) Bagotzky, V. S.; Tarasevich, M. R.; Radyushkina, K. A.; Levina, O. A.; 
Andrusyova, S. I. Journal of Power Sources 1978, 2, 233. 
(36) Ahmed, M. S.; Jeon, S. Journal of Power Sources 2012, 218, 168. 
(37) Wang, S.; Yu, D.; Dai, L. Journal of the American Chemical Society 2011, 133, 
5182. 
(38) Lin, Z.; Waller, G.; Liu, Y.; Liu, M.; Wong, C.-P. Advanced Energy Materials 
2012, 2, 884. 
(39) Wiggins-Camacho, J. D.; Stevenson, K. J. Journal of Physical Chemistry C 2011, 
115, 20002. 
(40) Biggin, M. E. Ph.D., University of Illinois at Urbana-Champaign, 2001. 
(41) Hatch, J. J. Ph.D., University of Illinois at Urbana-Champaign, 2011. 
(42) Kim, J. W.; Gewirth, A. A. Journal of Physical Chemistry B 2006, 110, 2565. 
(43) Li, X.; Gewirth, A. A. Journal of the American Chemical Society 2005, 127, 
5252. 
98 
 
(44) Oberst, J.; Jhong, H.-R. M.; Kenis, P. A.; Gewirth, A. Journal of Solid State 
Electrochemistry 2015, 1. 
(45) Schmitt, K. G.; Gewirth, A. A. Journal of Physical Chemistry C 2014, 118, 
17567. 
(46) Holze, R. Electrochimica Acta 1991, 36, 999. 
(47) Kruusenberg, I.; Mondal, J.; Matisen, L.; Sammelselg, V.; Tammeveski, K. 
Electrochemistry Communications 2013, 33, 18. 
(48) Burke, J. M.; Kincaid, J. R.; Peters, S.; Gagne, R. R.; Collman, J. P.; Spiro, T. G. 
Journal of the American Chemical Society 1978, 100, 6083. 
(49) Chen, J.; Zhang, J.; Tse, Y.-H.; Janda, P.; Christendat, D.; Lever, A. B. P. Journal 
of Porphyrins and Phthalocyanines 2006, 10, 1238. 
(50) Cong, Z.; Yanagisawa, S.; Kurahashi, T.; Ogura, T.; Nakashima, S.; Fujii, H. 
Journal of the American Chemical Society 2012, 134, 20617. 
(51) Gulam, R. M.; Neya, S.; Teraoka, J. Journal of Porphyrins and Phthalocyanines 
2006, 10, 1271. 
(52) Maclean, A. L.; Armstrong, R. S.; Kennedy, B. J. Journal of Raman Spectroscopy 
1993, 24, 897. 
(53) Mizutani, Y.; Hashimoto, S.; Tatsuno, Y.; Kitagawa, T. Journal of the American 
Chemical Society 1990, 112, 6809. 
(54) Proniewicz, L. M.; Paeng, I. R.; Nakamoto, K. Journal of the American Chemical 
Society 1991, 113, 3294. 
(55) Wu, J.; Komatsu, T.; Tsuchida, E. Journal of the Chemical Society 1998, 2503. 
(56) Kotz, R.; Yeager, E. Journal of Electroanalytical Chemistry 1980, 113, 113. 
99 
 
(57) Cui, L.; Lv, G.; Dou, Z.; He, X. Electrochimica Acta 2013, 106, 272. 
(58) Guo, S.; Sun, S. Journal of the American Chemical Society 2012, 134, 2492. 
(59) Jahan, M.; Bao, Q.; Loh, K. P. Journal of the American Chemical Society 2012, 
134, 6707. 
(60) Kurak, K. A.; Anderson, A. B. Journal of Physical Chemistry C 2009, 113, 6730. 
(61) Li, S.; Hu, Y.; Xu, Q.; Sun, J.; Hou, B.; Zhang, Y. Journal of Power Sources 
2012, 213, 265. 
(62) Lv, G.; Cui, L.; Wu, Y.; Liu, Y.; Pu, T.; He, X. Physical Chemistry Chemical 
Physics 2013, 15, 13093. 
(63) Batzill, M. Surface Science Reports 2012, 67, 83. 
(64) Brownson, D. A. C.; Banks, C. E. Physical Chemistry Chemical Physics 2012, 14, 
8264. 
(65) Costa, S. D.; Righi, A.; Fantini, C.; Hao, Y.; Magnuson, C.; Colombo, L.; Ruoff, 
R. S.; Pimenta, M. A. Solid State Communications 2012, 152, 1317. 
(66) Ling, X.; Wu, J.; Xie, L.; Zhang, J. Journal of Physical Chemistry C 2013, 117, 
2369. 
(67) Ling, X.; Wu, J.; Xu, W.; Zhang, J. Small 2012, 8, 1365. 
(68) Ling, X.; Xie, L.; Fang, Y.; Xu, H.; Zhang, H.; Kong, J.; Dresselhaus, M. S.; 
Zhang, J.; Liu, Z. Nano Letters 2010, 10, 553. 
(69) Silly, F.; Shaw, A. Q.; Castell, M. R.; Briggs, G. A. D.; Mura, M.; Martsinovich, 
N.; Kantorovich, L. Journal of Physical Chemistry C 2008, 112, 11476. 
(70) Wood, J. D.; Schmucker, S. W.; Lyons, A. S.; Pop, E.; Lyding, J. W. Nano 
Letters 2011, 11, 4547. 
100 
 
(71) Ferrari, A. C.; Robertson, J. Physical Review B 2000, 61, 14095. 
(72) Dresselhaus, M. S.; Dresselhaus, G.; Saito, R.; Jorio, A. Physics Reports-Review 
Section of Physics Letters 2005, 409, 47. 
(73) Schultz, Z. D.; Feng, Z. V.; Biggin, M. E.; Gewirth, A. A. Journal of the 
Electrochemical Society 2006, 153, C97. 
(74) Melendres, C. A.; Rios, C. B.; Feng, X.; McMasters, R. Journal of Physical 
Chemistry 1983, 87, 3526. 
(75) Coyle, C. M.; Vogel, K. M.; Rush, T. S.; Kozlowski, P. M.; Williams, R.; Spiro, 
T. G.; Dou, Y.; Ikeda-Saito, M.; Olson, J. S.; Zgierski, M. Z. Biochemistry 2003, 
42, 4896. 
(76) Vogel, K. M.; Kozlowski, P. M.; Zgierski, M. Z.; Spiro, T. G. Journal of the 
American Chemical Society 1999, 121, 9915. 
(77) Desbois, A.; Momenteau, M.; Lutz, M. Inorganic Chemistry 1989, 28, 825. 
(78) Tackley, D. R.; Dent, G.; Smith, W. E. Physical Chemistry Chemical Physics 
2001, 3, 1419. 
(79) Melendres, C. A. Journal of Physical Chemistry 1980, 84, 1936. 
(80) Sengupta, K.; Chatterjee, S.; Samanta, S.; Dey, A. Proceedings of the National 
Academy of Sciences of the United States of America 2013, 110, 8431. 
 
 
